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ABSTRACT 
Nitric oxide (NO) is an important signal secreted by the squid, Euprymna scolopes, and is 
thought to limit symbiotic biofilm formation, the initial step in colonization by the bacterium, 
Vibrio fischeri. Previous work demonstrated that a mutant defective for NO-sensor HnoX (heme 
nitric oxide/oxygen binding) had a competitive advantage over wild-type V. fischeri, but the 
mechanism by which this occurred remains unknown. HnoX is encoded upstream of hahK, a 
recently identified positive regulator of biofilm formation. I thus hypothesized that HnoX 
inhibits colonization by controlling HahK-induced biofilm formation during the initiation of 
colonization.   
I assessed the impact of an hnoX deletion on biofilm formation in various genetic 
backgrounds by evaluating in vitro read-outs for biofilm formation, namely: wrinkled colony 
development, pellicle formation, and cell clumping. Deletion of hnoX resulted in early biofilm 
formation dependent on active alleles of hahK. I also generated an increased activity allele of 
hnoX that severely delayed wrinkled colony formation. Finally, I found that the addition of a 
NO-generator abrogated pellicle formation and cell clumping. NO-dependent inhibition of 
biofilm formation required hnoX and occurred at the level of transcription. 
These results suggest NO-bound HnoX inhibits the activity of HahK, thus inhibiting 
biofilm formation. This work has uncovered the first host-relevant signal controlling biofilms 
and a mechanism for inhibition of biofilm formation by V. fischeri. The study of HnoX permits 
 
 
xii 
 
us to understand not only the mechanism for control of biofilm formation in the context of a host, 
but also the function of HnoX domain proteins as regulators of important bacterial processes.       
  
1 
 
CHAPTER ONE  
LITERATURE REVIEW 
Introduction 
 Nitric oxide (NO) is a well-characterized signaling molecule in both eukaryotes and 
bacteria. In bacteria, NO can signal the bacteria to change lifestyles. One lifestyle bacteria 
employ to survive is the formation of a biofilm. Biofilms can be beneficial or harmful depending 
on the context in which they are found. Biofilms go through a specific developmental process 
that has been well-characterized and includes initiation, maturation, and dispersal stages. NO is a 
well-characterized dispersal signal to bacteria in a biofilm. 
One model used to study biofilm formation is the symbiotic relationship between the 
bacterium Vibrio fischeri and its host, the Hawaiian bobtail squid, Euprymna scolopes (McFall-
Ngai 2014). The symbiosis is well-characterized and many factors that impact the ability of the 
bacteria to colonize the host have been identified. One such factor that influences the symbiosis 
is NO. NO restricts aggregation (symbiotic biofilm formation) of non-symbiotic bacteria 
(Davidson et al. 2004). NO impact on V. fischeri during the symbiosis is largely unclear. The 
first step in symbiotic colonization is the formation of a biofilm by V. fischeri. Biofilm formation 
is a tightly regulated process with many positive and negative regulators identified, but it is 
unknown what signals from the host influence the bacteria’s ability to form a biofilm. One signal 
that may influence V. fischeri biofilm formation is NO.  
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In this first chapter of my dissertation, I provide a detailed review of the literature 
necessary to understand the data I present here. I will first describe the properties and 
characteristics of NO, its role as signaling molecule in both eukaryotes and prokaryotes, and the 
proteins that sense NO and their impact on biological processes. Next, I will describe biofilm 
formation as a developmental process and the significance of a biofilm in different 
environmental contexts. I will describe a natural model used to study biofilm formation, the 
symbiosis between the bacterium Vibrio fischeri and its host, Euprymna scolopes. This section 
leads to a description of factors that regulate biofilm formation in V. fischeri, including signals 
and regulators that can be manipulated to induce in vitro biofilm formation.  
Nitric oxide 
Introduction.  
Nitric oxide (NO) is a colorless, gaseous chemical compound formed by the oxidation of 
nitrogen. NO is a free radical, containing an unpaired electron. NO has a neutral charge at 
physiological pH and has a high solubility in water and lipids. While NO is generally poorly 
reactive with many molecules, its solubility and activity at neutral pH allow it to react readily 
with other free radicals (Reiter 2006). NO can readily react with oxygen (O2) or superoxide 
anion (O2
-), depending on the concentration of NO and oxygen in the cell, to produce reactive 
nitrogen species (RNS), such as peroxynitrite (ONOO-) and dinitrogen trioxide (N2O3). At 
certain concentrations, NO can modify proteins and lipids, as well as react with iron containing 
molecules, such as heme, iron-sulfur clusters, and metal cofactors (Reiter 2006).  
RNS primarily modify the amino acids cysteine, tyrosine, and tryptophan, although 
nitrosylation of other amino acids has been observed. NO also reacts with hemoproteins in 
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various oxidation states (ferrous, ferric, ferryl). NO binding to iron-containing proteins can alter 
protein conformation, resulting in either protein activation or inactivation, depending on the 
protein affected (Reiter 2006). RNS damage the cell by modifying lipids or DNA. RNS induce 
lipid damage dependent on NO concentrations, and the impact of NO on lipids depends on the 
specific redox environment in the membrane. Oxidation of the lipids in a membrane can 
destabilize the membrane, thus damaging the cell. RNS can induce DNA damage by modifying 
the bases and sugar backbone of DNA (Reiter 2006). Damage occurs by base deamination, 
which promotes spontaneous depurination leading to DNA strand breaks. The formation of 
highly reactive secondary species that modify proteins, DNA, lipids, and metals can lead to cell 
damage and potentially, cell death (Reiter 2006). 
Because of its unique properties and the consequence of the formation of secondary RNS, 
NO functions as an important molecule in many systems (Derbyshire et al. 2009). Bacteria, in 
turn, have developed means of detoxifying NO from the environment. More recently, NO has 
been described as a signaling molecule in bacteria. This section serves as a review of the current 
knowledge of NO biology. 
NO in Eukaryotic Systems. 
 In eukaryotes, NO is produced by the enzyme nitric oxide synthase (NOS) from the 
oxidation of L-arginine to L-citrulline and NO (Palmer et al. 1988). NO produced by NOS can 
freely diffuse across membranes and bind to soluble guanylate cyclase (sGC), which functions as 
NO-sensors that can transduce the NO signal via production of the second messenger, cyclic 
GMP (cGMP) (Derbyshire et al. 2009). sGC is a heterodimeric enzyme composed of two 
subunits: α1 and β1 (Fig. 1A). sGC binds a heme group in the β1 subunit (Boon et al. 2005). The 
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binding of NO triggers conformational changes in the protein, activating the guanylate cyclase 
activity of the sGC. Once activated, sGC uses the guanylate cyclase domain to convert GTP to 
cGMP (Boon et al. 2005, Cary et al. 2006). cGMP then serves as a secondary messenger for 
downstream signaling events (Derbyshire et al. 2009). 
 NOS-derived NO is associated with several normal processes. The binding of NO to sGC 
allows for rapid production of cGMP, which can bind to phosphodiesterases (PDE), ion-gated 
channels, and cGMP-dependent protein kinases (cGK) to regulate vasodilation, platelet 
aggregation, and neurotransmission (Li et al. 2000, Derbyshire et al. 2009). Thus, cells can 
utilize NO as a signaling molecule to maintain blood pressure and to transmit signals in nerve 
cells. NO is also an important signaling molecule in the immune system. For example, NO can 
control inflammation by the production of RNS by immune cells. The RNS limit neutrophil 
sequestration and vascular injury during sepsis (Fang 2004). NO is also a prominent 
antimicrobial produced by neutrophils and macrophages, although the impact of NO on the 
bacteria depends on the local redox environment (De Groote et al. 1995). For example, 
macrophages can produce high concentrations of NO in a localized area that serve as a host 
defense against pathogens (MacMicking et al. 1997). As an antimicrobial, NO inhibits 
replication by causing DNA damage and inhibits bacterial respiration. When H2O2 is present, the 
inhibition of respiration by NO causes oxidative injury through Fenton chemistry. Further 
oxidative injury can occur through the generation of RNS (Fang 2004). In eukaryotes, NO is an 
important signaling molecule, and RNS serve as important defense molecules against invading 
pathogens. As such, bacteria evade, suppress, scavenge, and detoxify RNS and NO (Fang 2004). 
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Figure 1. Structure of sGC and H-NOX Proteins. (A) Schematic for protein structure of sGC 
proteins. sGC proteins are comprised of two subunits, α1 and β1, that contain an H_NOX 
domain, a PAS domain, an amphipathic helix, and a catalytic domain. Modified from 
(Derbyshire et al. 2009). (B) Schematic for H-NOX proteins. Modified from (Boon et al. 2005). 
(C) Crystal structure of HnoX from V. fischeri threaded onto the crystal structure of HnoX from 
Shewanella woodyi. Residues important for NO binding are highlighted green. Proline residue 
important for heme distortion is highlighted teal. Adjacent proline is highlighted fuchsia. Crystal 
structure analyzed using Phyre2 Investigator (Kelley et al. 2009). (D) Amino acid alignment of 
HnoX from V. fischeri and HnoX from Shewanella woodyi. Residues highlighted in crystal 
structure are boxed in red. 
 
H-NOX Proteins as NO Sensors.  
 Bacteria are exposed to a range of concentrations of NO present in the environment. As 
described above, immune cells can produce a respiratory burst and together with the secretion of 
cytotoxic levels of NO, lead to the production of RNS that attack lipids and proteins of invading 
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pathogens, effectively killing or reducing bacterial replication (Fang 2004, Plate et al. 2013). To 
survive the cytotoxic environment, bacteria must be able to sense NO and respond accordingly. 
One family of proteins that sense NO is H-NOX proteins.  
Several studies have dentified and characterized the structure of bacterial H-NOX 
proteins. Heme nitric oxide/oxygen binding (H-NOX) proteins are widely distributed in bacteria, 
and they were originally identified in bacteria by their sequence homology to the heme-binding 
domain of sGC mammalian NO receptor (Iyer et al. 2003). H-NOX domains can be freestanding 
proteins or exist as a domain of a larger transmembrane methyl-accepting chemotaxis protein 
(MCP) or as part of the signal-sensing domain of a histidine kinase or guanylate cyclase (Plate et 
al. 2013). When HnoX is present as a stand-alone protein, the corresponding gene is often co-
transcribed with a gene encoding a histidine kinase or a gene encoding a diguanylate cyclase 
containing a GGDEF motif that catalyzes the production of c-di-GMP (Iyer et al. 2003) (Fig. 
1B).  
As expected, bacterial H-NOX domain proteins contain similar features to their 
mammalian NO-sensing counterpart. Many of the first bacterial H-NOX studies were performed 
in Thermoanaerobacter tengcongensis (Pellicena et al. 2004). HnoXTt contains a heme cofactor 
deeply buried between an N-terminal helical subdomain and a C-terminal subdomain. The 
central iron is coordinated axially to a conserved histidine residue (H102). Propionate groups of 
the heme form salt bridges to a conserved YxSxR motif. The YxSxR motif is required for stable 
heme binding to the protein and activation (Schmidt et al. 1990, Plate et al. 2013). V. fischeri 
HnoX contains the conserved YxSxR motif as well as H102 (Fig. 1C, D). 
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Many residues within H-NOX proteins have been probed for their importance for 
substrate binding. The heme-binding region of H-NOX proteins contains several residues that are 
crucial for binding, including a histidine (H102) residue that forms the proximal end of the 
substrate binding pocket. A key feature for the ability of H-NOX to bind oxygen is the presence 
of a tyrosine residue (Tyr140). Tyr140 interacts with oxygen through the formation of a 
hydrogen bond. Several residues were further identified through mutagenesis studies to be 
important for Tyr140-oxygen binding, including Trp9, Asn74, and Phe78 (Cary et al. 2006). It is 
thought that these residues are important for binding substrate and positioning the substrate 
properly. 
Heme distortion was also observed in the T. tengcongensis H-NOX structure (Pellicena et 
al. 2004), and the distortion was conserved in many other species (Jentzen et al. 1998). Given 
that heme distortions are generally unfavorable for proteins, it was hypothesized that the 
distortion structure is important for function. A mutation of proline 115 in the N-terminus to 
alanine (P115A) was predicted to relieve the protein of some distortion. The results of mutating 
P115 to alanine suggested that HnoXTt-P115A exhibits a flattened heme group, resulting in a 
conformational change in the protein. Furthermore, HnoXTt-P115A had increased affinity for 
oxygen (Olea et al. 2008). P115 is conserved in V. fischeri HnoX and is adjacent to another 
proline, P114 (Fig. 1C, D). 
In Shewanella woodyi, it was hypothesized that heme distortion could contribute to signal 
transduction. In this system, HnoXSw is encoded near a bifunctional diguanylate cyclase gene. 
The corresponding protein, DGCSw, contains a GGDEF domain and an EAL domain, commonly 
found in phosphodiesterase (PDE) enzymes. DGCSw is regulated by NO/HnoXSw and acts as a 
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DGC in the absence of NO. DGCSw exhibits increased PDE activity in the presence of NO-bound 
HnoXSw, resulting in a decrease in biofilm formation (Liu et al. 2012). To assess the impact of 
heme flattening on HnoXSw and DGCSw PDE activity, a similar proline to alanine mutation was 
made (P117A). HnoXSw-P117A could still bind NO, and DGCSw exhibited similar PDE activity 
in the presence of HnoXSw-P117A compared to NO-bound wild-type HnoXSw (Muralidharan et 
al. 2012). These results suggested that NO triggers a conformational change resulting in heme-
flattening. The P117A mutation had a similar effect on protein structure as NO binding: the 
flattened heme changed the overall conformation of the protein, affecting protein-protein 
interactions and signal transduction. Although it was not assessed, HnoXSw-P117A is predicted to 
inhibit biofilm formation. 
Biological Function of H-NOX Proteins. 
H-NOX proteins are widely distributed and have been identified in many organisms. 
While much is known about the structure of H-NOX proteins and the interaction between H-
NOX proteins and NO, less is known about the biological function of bacterial H-NOX proteins 
and their impact on bacterial processes. The H-NOX proteins that have been characterized have 
diverse functions in different species. Here I describe the most characterized H-NOX proteins 
and their roles regulating a variety of bacterial processes. 
One characterized H-NOX protein is the H-NOX protein SO2144 (HnoXSo) from 
Shewanella oneidensis MR-1. HnoXSo binds NO in a complex similar to NO-bound mammalian 
sGC. HnoXSo is encoded upstream of the gene fora predicted histidine kinase, SO2145 (HnoKSo), 
which exhibits autophosphorylation activity in vitro. HnoXSo directly interacts with HnoKSo as 
determined by pull-down assays (Price et al. 2007). The NO-ligated form of HnoXSo specifically 
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inhibits the autophosphorylation activity of HnoKSo. Furthermore, S. oneidensis MR-1 produces 
endogenous NO under microaerobic conditions when nitrite or nitrate was present (Price et al. 
2007). These results suggested that S. oneidensis produces NO as an early signal of low oxygen 
availability. HnoXSo senses NO and interacts with HnoKSo in response, thus initiating a signal 
transduction pathway (Fig. 2A). It was unclear how and why S. oneidensis produced endogenous 
NO and what the function of a NO-responsive signal transduction pathway was. 
Subsequently, three response regulators phosphorylated by HnoKSo were identified: 
HnoB, HnoC, HnoD. The phosphorylation of HnoB and HnoD by HnoK is a conserved signaling 
pathway as the Vibrio cholerae HnoB and HnoD homologs are phosphorylated by the V. 
cholerae HnoK homolog (Plate et al. 2012). HnoB contains an EAL domain while HnoD 
contains a HD-GYP domain. Both domains are found in many phosphodiesterase (PDE) 
enzymes that hydrolyze c-di-GMP (Hengge 2009). HnoB was confirmed to function as a PDE 
upon phosphorylation by HnoKSo in the absence of NO. In contrast, HnoD does not exhibit PDE 
activity. Interestingly, the presence of non-phosphorylated HnoD with HnoB decreases HnoB 
PDE activity (Plate et al. 2012).  
Given the impact of c-di-GMP on biofilm formation and motility, it was hypothesized 
that NO/H-NOX sensing could impact biofilm formation in S. oneidensis. The addition of NO 
increases biofilm formation by S. oneidensis. Strains deleted for hnoXSo or hnoKSo exhibit  
comparable biofilm formation to wild-type cells in the absence of NO and increased biofilms fail 
to respond to NO (Plate et al. 2012). Together, these data suggest that NO-bound HnoXSo inhibits 
HnoKSo activity which impacts the phosphorylation states of HnoB and HnoD, leading to a 
switch from a planktonic lifestyle to a biofilm (Fig. 2A). 
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Figure 2. H-NOX Control of Biofilm Formation Through C-di-GMP. (A) H-NOX signaling 
in Shewanella oneidensis and Vibrio cholerae. While HnoK phosphorylates HnoD, the 
unphosphorylated form of HnoD inhibits HnoB. In S. oneidensis, nitric oxide induces biofilm 
formation. (B) H-NOX signaling in Shewanella woodyi and Legionella pneumophila. In S. 
woodyi, nitric oxide inhibits biofilm formation. Modified from (Plate et al. 2013). 
 
In a similar mechanism to the previously described H-NOX, Shewanella woodyi encodes 
an H-NOX protein adjacent to a bifunctional diguanylate cyclase, DGCSw, that controls biofilm 
formation (Liu et al. 2012). However, in this system, HnoXSw binds NO, and the NO-bound 
HnoXSw negatively affects biofilm formation by regulating the levels of c-di-GMP in the cell. 
Exposure to nanomolar levels of NO resulted in thinner biofilms in wild-type S. woodyi, and 
cells exhibit low levels of c-di-GMP. Strains deleted for hnoXSw exhibit decreased biofilm 
formation and decreased c-di-GMP levels (Liu et al. 2012). HnoXSw directly interacts with 
DGCSw, and the binding of NO to HnoXSw controls DGCSw activity. In the presence of unligated 
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HnoXSw, DGCSw exhibits increased DGC activity (Liu et al. 2012). In the presence of NO-ligated 
HnoXSw, DGCSw exhibits increased PDE activity. NO-bound HnoXSw enhanced c-di-GMP 
degradation by DGCSw (Liu et al. 2012). The data suggest that HnoXSw senses NO and regulates 
DGCSw activity resulting in increased c-di-GMP degradation, leading to decreased biofilm 
formation (Fig. 2B). 
Legionella pneumophila encodes two H-NOX proteins. The gene encoding HnoX1 is 
upstream of a diguanylate cyclase gene. The gene encoding HnoX2 is adjacent to a gene for a 
histidine kinase and a CheY-like response regulator (Carlson et al. 2010). A deletion of hnoX1 
exhibited a hyper-biofilm phenotype. Overexpression of the diguanylate cyclase adjacent to 
hnoX1, Lpg1057, caused a hyper-biofilm phenotype, and the purified protein had diguanylate 
cyclase activity in vitro. In vitro DGC activity was inhibited by the NO-bound HnoX1 (Carlson 
et al. 2010). These results suggest that HnoX1 regulates c-di-GMP production by Lpg1057 and 
biofilm formation in response to NO (Fig. 2B). 
 A recent publication has shed more light on the function of bacterial H-NOX proteins that 
interact with histidine kinases. In Pseudoalteromonas atlantica, an H-NOX protein was encoded 
upstream of a histidine kinase, HahKPa. Much like HnoXSo, the NO-bound H-NOX protein, 
HnoXPa, bound the histidine kinase HahKPa and inhibited autophosphorylation (Arora et al. 
2012). A response regulator, HarR, was encoded in an operon upstream of hnoXPa and hahKPa. 
Evidence suggested phosphorylated HahKPa transfers a phosphoryl group to the response 
regulator, HarR (Arora et al. 2012). HarR is annotated as response regulator protein containing a 
CheY-like receiver domain and a HD-GYP domain. CheY-like proteins containing HD-GYP 
domains function as phosphodiesterases that hydrolyze c-di-GMP, although this has not been 
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shown for HarR (Arora et al. 2012). While this study identified a response regulator associated 
with an H-NOX signaling pathway (Fig. 3A), the biological consequences of NO/H-NOX 
signaling outside of c-di-GMP signaling in bacteria remain poorly understood. 
 In Vibrio harveyi, NO was demonstrated to participate in quorum sensing through LuxU. 
Exposure to NO resulted in early onset of bioluminescence. An H-NOX protein, HnoXVh, is 
encoded upstream of a histidine kinase, HqsK. In the absence of hnoXVh, strains exhibit delayed 
bioluminescence (Henares et al. 2012). It was hypothesized that HnoXVh senses NO and 
regulates HqsK activity, which contributes to luminescence by transferring a phosphoryl group 
to LuxU (Fig. 3B). As with other H-NOX proteins described, HnoXVh binds NO and directly 
interacts with HqsK. HqsK autophosphorylates, which could be inhibited by exposure to NO-
bound HnoXVh. Phosphorylated HqsK transfers a phosphoryl group to LuxU (Henares et al. 
2012). While this study identified another regulator of quorum sensing in V. harveyi, a crucial 
missing piece is the demonstration that NO-bound HnoXVh inhibits the phosphotransfer from 
HqsK to LuxU, thus tying all the pieces together and identifying a biological function for NO/H-
NOX sensing. 
 NO has also been linked to enhanced biofilm formation and a downregulation of flagellar 
production in V. harveyi. At nanomolar NO concentrations, V. harveyi biofilms exhibit increased 
thickness and increased crystal violet staining, a method used to quantify biofilm-associated 
material, that decreased with increasing NO concentrations (Henares et al. 2013). Alternatively, 
these data could be interpreted as high levels of NO are associated with biofilm dispersal. NO 
has previously been described as a dispersal agent of Pseudomonas aeruginosa biofilms 
(Barraud et al. 2006) . A proteomic analysis was performed and revealed that some protein levels 
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were strongly decreased at low NO concentrations but restored to wild-type levels as NO 
concentration was increased (Henares et al. 2013), thus complicating interpretation of the data. 
The impact of NO on biofilm formation in V. harveyi remains murky.  
 
 
Figure 3. H-NOX Control of Biological Processes. Solid arrows are supported by experimental 
evidence. Dashed arrows are hypothesized pathways. (A) H-NOX signaling in 
Pseudoalteromonas atlantica. (B) H-NOX signaling in Vibrio harveyi. (C) H-NOX signaling in 
Vibrio fischeri. Modified from (Plate et al. 2013). 
 
Vibrio fischeri encounters NO in the context of its symbiotic host, Euprymna scolopes. E. 
scolopes secretes NO as a defense signal (Davidson et al. 2004), as described in greater detail 
below. It was hypothesized that V. fischeri senses NO, and NO could play a role in determining 
symbiosis. A NO-binding protein HnoXVf is encoded in the V. fischeri genome. HnoXVf was 
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capable of binding stable Fe(II)-NO and Fe(II)-CO complexes. HnoXVf lacks a tyrosine known to 
stabilize oxygen binding (Wang et al. 2010). 
It was hypothesized that HnoXVf could sense the presence of NO and transduce the signal, 
resulting in a change in bacterial gene expression. 40 genes were differentially expressed by 
wild-type cells following NO-exposure that were unchanged compared to a hnoXVf mutant 
(Wang et al. 2010). The promoter regions of differentially regulated genes were analyzed, and a 
conserved palindromic motif was identified in half of the down-regulated genes. The conserved 
motif was similar to Fur (ferric uptake regulator: iron responsive) binding sites. The expression 
profiles of all genes with Fur binding sites were analyzed, and Fur-regulated iron utilization 
genes were found to be down-regulated in the presence of NO in an hnoXVf-dependent manner 
(Wang et al. 2010). Because genes encoding hemin receptors, transporters and degradation 
proteins were down-regulated in wild-type cells in response to NO, it was hypothesized that 
HnoXVf limits growth in iron-depleted media supplemented with hemin in response to NO. Both 
wild-type cells and an hnoXVf mutant were able to use hemin as an iron source. The addition of 
NO resulted in a more severe growth defect for wild-type cells (Wang et al. 2010), suggesting 
NO suppresses heme utilization in an HnoXVf-dependent manner (Fig. 3C). 
It was expected that if HnoXVf senses NO to promote symbiosis, the loss of HnoXVf in a 
strain would result in a colonization defect. An hnoXVf mutant was more proficient in the 
initiation of colonization, especially at low inoculum density (Wang et al. 2010). Aposymbiotic 
squid exposed to hnoXVf mutant cells became luminescent sooner and reached a higher maximum 
bioluminescence than wild-type infected animals. The ability of an hnoXVf mutant to colonize 
more efficiently than wild-type was confirmed by determining the inoculum dose resulting in 
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colonization of 50% of animals (ID50). The ID50 of the wild-type was about 10-fold higher than 
the hnoXVf mutant. In competition experiments, the hnoXVf mutant outcompeted wild-type cells 
by an average of 16-fold. The competitive advantage diminished over 48 hours to a 3-fold 
advantage (Wang et al. 2010).  
These results suggest that V. fischeri has increased competence in initiating colonization 
in the absence of HnoXVf. Given that iron and hemin utilization genes are down-regulated in the 
presence of NO and HnoXVf, it was hypothesized that the hnoXVf mutant is better able to colonize 
due to its increased ability to accumulate iron. Indeed, adding excess hemin or iron decreased the 
competitive advantage of an hnoXVf mutant. Alternatively, lowering NO with a NOS inhibitor 
decreased the competitive advantage of an hnoXVf mutant (Wang et al. 2010). It was concluded 
that NO and HnoXVf inhibit iron acquisition in squid, thus decreasing the colonization efficiency 
of bacteria (Fig. 3C).  
HnoXVf is proposed to suppress hemin accumulation to prevent an increase in 
intracellular iron that would lead to the generation of hydroxyl radicals through the Fenton 
reaction. However, cells that are unable to acquire iron fail to persist in the light organ of the 
squid (Septer et al. 2011), suggesting the light organ is a relatively low iron environment, and 
bacteria must acquire iron to survive (described in the symbiosis section). While iron plays a 
complex role during symbiosis and its acquisition is regulated, in part, by NO and HnoXVf, it 
remains unclear how a mutation in hnoXVf might result in more efficient colonization.  
Other NO Sensors and NO-Responsive Regulators. 
 Pseudomonas aeruginosa lacks an annotated hnoX gene but senses NO via NosP, a 
heme-based NO binding protein. NosP contains a F-box and intracellular signal domain (FIST), 
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predicted to bind small molecules and amino acids, and has similar genetic arrangement to many 
H-NOX proteins. NosP is encoded in the same operon as a histidine kinase. NosP binds heme 
and ligates NO (Hossain et al. 2017). NO is a well-characterized regulator of biofilm formation 
(described in greater detail below), and the addition of NO to P. aeruginosa biofilms induces 
dispersal (Barraud et al. 2006). A nosP mutant could not be generated, but nahK, the cognate 
histidine kinase encoded downstream of NosP, is required for NO-mediated biofilm dispersal. 
NahK autophosphorylates and transfers a phosphoryl group to a histidine-containing 
phosphotransfer protein (HPT), HptB. NahK phosphotransfer to HptB is abrogated in the 
presence of NO-bound NosP (Hossain et al. 2017) (Fig. 4A). How HptB contributes to biofilm 
formation and dispersal phenotypes remains unknown. 
 NorR is a σ54-dependent enhancer binding protein. NorR is activated by binding NO at an 
iron center situated in the GAF domain of the protein. NorR activates the transcription of a two-
gene operon (norAB) encoding nitrate reductase. In E. coli, NorR activates the transcription of 
norVW in response to NO. NorVW, described in the next section, detoxify NO. In P. aeruginosa, 
NorR activates the hmp-like gene fhp, described in the next section (Bowman et al. 2011). The V. 
fischeri genome contains two norR genes, VF_A0862 and VF_1783, and norVW homologs, 
VF_17831 and VF_1782. The function of the corresponding proteins, NorR2 and NorR1, are 
unknown, but potentially, NorR and/or NorR2 could control norVW or hmp expression (Fig. 4B). 
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Figure 4. NO Sensors and NO Responsive Regulators. Solid arrows are supported by 
experimental evidence. Dashed arrows are hypothesized pathways. (A) NosP signaling in 
Pseudomonas aeruginosa. (B) NorR regulation of norVW/hmp. (C) NsrR regulation of aox/hmp. 
 
NsrR is widely distributed in Gram-negative bacteria. NsrR contains an iron-sulfur 
domain that is sensitive to NO. The binding of NO leads to derepression of target genes. In E. 
coli and Salmonella, NsrR represses its regulated genes, specifically hmp, and in the absence of 
nsrR, cells produce high levels of Hmp (Bowman et al. 2011). NsrR was identified in V. fischeri 
using a bioinformatics approach (Rodionov et al. 2005). Subsequent studies identified genes in 
the NsrR regulon, including aox and hmp. aox expression is induced in the presence of NO. In a 
nsrR mutant and in the absence of NO, an aox promoter-lacZ construct exhibits increased 
activity, indicating that NsrR is a negative regulator of aox expression. AOX is an alternative 
oxidase containing a heme-independent terminal oxidase. The respiratory oxidase CydAB is 
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inhibited by NO treatment, whereas oxygen consumption by AOX is less sensitive to NO. NO 
directly inhibits CydAB, while AOX is resistant to NO (Dunn et al. 2010).These data suggest 
that AOX plays a role in aerobic respiration when cells encounter NO stress (Fig. 4C). 
NO Detoxification by Bacteria. 
NO and RNS are antimicrobials produced by the host immune system in response to 
microbial infection (Fang 2004). Because NO and RNS are prevalent in many different 
environments, bacteria have evolved ways to survive RNS. One mechanism bacteria employ to 
survive RNS is detoxification. Many mechanisms of detoxification involve a flavohemoglobin, 
another globin, or a NO reductase. Bacteria can also produce NO endogenously as a byproduct 
of denitrification of RNS through the reduction of nitrate and nitrite (Crane et al. 2010), and this 
NO can act as a signaling molecule for the bacteria or can be further reduced. 
 Flavohemoglobins (Hmp) are widely distributed in bacteria. Flavohemoglobins confer 
protection from NO and nitrosative stresses by the direct consumption of NO. Flavohemoglobins 
contain an N-terminal globin domain with a C-terminal domain containing binding sites for 
flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (phosphate) 
(NAD(P)H). Flavohemoglobins oxidize NAD(P)H and transfer an electron to the N-terminal 
heme domain via a noncovalently bound FAD in the reductase domain. Reduced heme catalyzes 
the reaction between NO and O2, generating nitrate (Fig. 5A). Thus, Hmp functions as an NO-
detoxifying enzyme (Bowman et al. 2011). 
Flavohemoglobins are critical for pathogenicity in some species. In Escherichia coli and 
Salmonella, mutants lacking Hmp are compromised for survival in mouse and human 
macrophages (Stevanin et al. 2002, Stevanin et al. 2007). As Hmp limits NO-related toxicity, 
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expression of the protein occurs only when NO is present in the cell environment. Hmp 
expression is tightly regulated at the transcriptional level by NO-responsive transcription factors, 
NsrR and Fnr, described in the previous section (Spiro 2007, Bowman et al. 2011). When Hmp is 
constitutively expressed in E. coli and in the absence of NO, cells generate oxidative stress. 
Constitutive expression of Hmp in Salmonella renders cells hypersensitive to paraquat, H2O2, 
and ONOO- (Poole et al. 1997, Wu et al. 2004, Bowman et al. 2011), suggesting cells must 
balance the concentration of NO available in the cell to prevent NO-related toxicity and the 
generation of oxidative stress. 
Like many other bacteria, V. fischeri encodes enzymes that aid in the detoxification of 
NO (Wang et al. 2010). A homolog of NsrR (Rodionov et al. 2005), described above, is encoded 
in V. fischeri, as well as the most conserved gene within the NsrR regulon, hmp. An hmp gene 
was identified in V. fischeri encoding flavohemoglobin, a NO dioxygenase that eliminates NO by 
converting it to nitrate. Similar to other bacteria that encode Hmp proteins, hmp expression in V. 
fischeri was tightly regulated by the NO-responsive transcription factor NsrR. Exposure to NO 
and/or deletion of the repressor, nsrR, promoted hmp expression. An hmp mutant exposed to NO 
exhibited a growth defect and a deficiency in oxygen consumption (Wang et al. 2010), consistent 
with its putative function in NO elimination. Complementation of hmp on a high-copy plasmid 
made cells hyper-resistant to NO. NO detoxification via Hmp was important for colonization as 
hmp promoter activity was induced in response to host-derived NO. hmp cells exhibited a 
colonization defect in competition with wild-type cells. Treating squid with a NOS inhibitor 
increased the competitiveness of the hmp mutant for colonization. Furthermore, an hmp mutant 
formed poor aggregates, but when treated with a NOS inhibitor, formed larger aggregates (Wang 
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et al. 2010). These results suggest that NO is an important defense molecule secreted by the 
squid, and the bacterium has evolved a response to NO involving detoxification. 
 
 
 
Figure 5. Detoxification and Endogenous Production of NO. (A) Detoxification of NO by 
Hmp, NorVW, and NrfA. (B) Production of NO from L-arginine and oxygen by NOS. (C) 
Denitrification pathway in Pseudomonas aeruginosa where NO is produced a byproduct. 
Modified from (Van Alst et al. 2009). 
 
In E. coli, NorR activates the transcription of the norVW genes encoding a 
flavorubredoxin and an associated flavoprotein, which together have NADH-dependent NO 
reductase activity (Gardner et al. 2003). The flavorubredoxin, NorV, functions as an inducible 
catalyst for NO reduction and detoxification (Fig. 5A). While Hmp is oxygen-dependent, 
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NorVW is oxygen-sensitive and reduces NO to N2O (Gardner et al. 2002). Together, Hmp and 
NorVW detoxify NO throughout the physiological range of oxygen concentrations a cell may 
encounter (Gardner et al. 2003). E. coli also uses the periplasmic cytochrome-c nitrite reductase 
(NrfA) to catalyze NO reduction (Poock et al. 2002). NrfA catalyzes a six-electron reduction of 
NO2
- to ammonium under microaerobic or anaerobic conditions where electron acceptors are 
limited (Simon 2002) (Fig. 5A). Salmonella has also developed a combinatorial response where 
cytochrome c nitrite reductase (NrfA) in conjunction with a flavorubredoxin (NorV) protect 
bacterial cells from killing in NO anoxic environments (Mills et al. 2008). V. fischeri has 
NorVW homologs, but their function is unknown. 
Endogenous Bacterial NO Production. 
 As a potent antimicrobial, NO is secreted by many animals to prevent and/or eradicate an 
unsolicited microbial interaction. As previously described, both vertebrates and invertebrates 
produce NO in innate immune responses that can generate ROS and RNS. These responses are 
directed against potential invading pathogens. NO also functions as a signal molecule in bacteria. 
Some bacteria encode NOS that produce NO through the oxidation of L-arginine (Plate et 
al. 2013) (Fig. 5B). The first attempts to identify bacterial NOS used biochemical techniques to 
detect NOS activity from cultured bacteria. The results were mostly inconclusive, but with the 
advent of genome sequencing, many putative NOS homologs were identified, cloned, and 
characterized for their NOS activity. Like their mammalian counterparts, bacterial NOSs bind 
arginine and catalyze the oxidation of arginine to citrate and NO in stages involving the 
hydroxylation of arginine followed by oxygenation (Crane et al. 2010). 
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V. fischeri does not encode a NOS. The V. fischeri genome does encode enzymes 
predicted to function in the denitrification pathway including nnrS (VF_A0439), a predicted 
nitrite and/or nitric oxide reductase, norV (VF_1781), a predicted anaerobic nitric oxide 
reductase flavorubredoxin, and norW (VF_1782), a predicted nitric oxide reductase. In 
Pseudomonas aeruginosa, the denitrification pathway has been characterized. Nir is a nitrite 
reductase that produces NO, while Nor is a nitric oxide reductase that produces nitrous oxide 
from NO (Van Alst et al. 2009, Cutruzzola et al. 2016). It is possible the predicted NnrS and 
NorVW enzymes in V. fischeri could function similarly to denitrify the environment, with NnrS 
responsible for NO production (Fig. 5C). The increase in the production of endogenous NO 
could signal changes in oxygen availability, as is hypothesized for endogenous NO production in 
Shewanella oneidensis. 
While many bacteria can produce NO, the purpose for production is diverse and, in some 
cases, still unclear. Streptomyces produces NO for toxin synthesis and to promote growth of 
tissue in the context of a plant host that the bacteria can infect (Crane et al. 2010). Bacteria may 
produce NO as a signal molecule as part of a mechanism to protect themselves from further 
oxidative stress. Pathogen-derived NO produced in low concentrations can induce the bacteria to 
upregulate genes that will protect the bacteria when it encounters high concentrations of host-
derived NO (Crane et al. 2010). The production of endogenous NO by bacteria and the 
consequence of production on signaling events is an active area of research. 
Conclusions. 
 NO is a small molecule that functions in many diverse processes. Its ability to react with 
other free radicals and undergo secondary reactions to generate RNS make it a potent 
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antimicrobial. NO is also a potent signaling molecule. Many NO-responsive transcription factors 
and NO-sensors have been identified. In bacteria, the identified NO-sensors, H-NOX proteins, 
function in diverse processes, such as quorum sensing, biofilm formation, and motility. The 
discovery that NO functions as a signaling molecule in bacterial processes is a relatively new 
field of study. Interestingly, in different bacterial species, NO can have opposing functions (e.g. 
decreased biofilm formation in S. woodyi and increased biofilm formation in S. oneidensis). The 
mechanism by which NO impacts processes, especially processes that influence host-microbe 
interactions, is an area of active research. 
Biofilms 
Introduction. 
A biofilm is a complex community of microorganisms that adhere to each other and, 
typically, to a surface. Bacteria within the biofilm are embedded in a matrix consisting of 
polysaccharides, proteins, and extracellular DNA (eDNA). The matrix can protect commensal 
and pathogenic bacteria from environmental stresses, such as antibiotics, as well as from host 
responses (Sutherland 2001, Flemming et al. 2007). Biofilms can also protect cells from 
desiccation and predation (Matz et al. 2005, Chang et al. 2007). Because of the specific 
properties biofilms confer to bacteria, biofilms have important significance in environmental, 
industrial, and medical fields (Cunliffe et al. 2011, Dobretsov et al. 2013, Beloin et al. 2014), 
which I describe in the first portion of this section. In this section I will also describe three steps 
in biofilm formation: initiation, maturation, and dispersal (Fig. 6). 
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Figure 6. Stages in Biofilm Development. (A) In the initiation stage, cells reversibly attach to a 
surface. Upon receipt of a signal, attachment becomes irreversible, and cells begin to secrete 
matrix components. (B) During the maturation stage, matrix production increases, and the 
biofilm develops a 3D structure. (C) During dispersal, a subpopulation of cells leaves the biofilm 
and the matrix degrades. Motile cells begin the biofilm developmental process in a new location. 
Modified from (Stoodley et al. 2002). 
 
Significance of Biofilms. 
 Pathogenic bacteria and fungi that form a biofilm are associated with a wide range of 
diseases and can cause chronic infections (Donlan et al. 2002). Biofilms that form on prosthetic 
devices and catheters not only cause persistent infection but also promote bacterial survival. 
Importantly, bacteria within biofilms pose a threat in the clinical setting because bacteria exhibit 
a decreased susceptibility to antimicrobial agents compared to their planktonic counterparts 
(Bryers 2008). The differences in antibiotic susceptibilities between cell types can be 
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problematic in the laboratory setting as antimicrobial susceptibility testing is done on planktonic 
cells. The microdilution testing that is used in the clinical laboratory does not accurately 
determine the susceptibility of bacteria within the biofilm (Donlan 2001). 
Biofilms are connected to about 80% of bacterial infections, and most bloodstream 
infections are caused by the release of bacteria from the biofilm on indwelling catheters, 
prosthetics, or other indwelling medical devices (Costerton et al. 1999, Bryers 2008). Biofilms 
are problematic in the food industry due to the ability of bacteria to form a biofilm on plants or 
industrial equipment used to process food (Srey et al. 2013). Biofilm-associated infections are 
especially difficult to eradicate (Beloin et al. 2014). As such, how biofilms form and how they 
can be easily removed, or naturally dispersed, is an active area of research. 
Biofilms on artificial structures create serious problems for industries worldwide. 
Biofouling, the accumulation of microorganisms, plants, algae, or animals on a wet surface, is a 
large economic burden in the manufacturing industry. Biofilms that form on a marine vessel can 
increase the drag force of the vessel, increase metal corrosion, and reduce heat transfer 
efficiency, leading to an increase in fuel consumption (Chambers et al. 2006). Biofilms play an 
important role in biofouling in aquaculture. In fish farms, bacteria that form a biofilm can block 
nets and cages, leading to equipment failure and, in some cases, a decline in fish health and yield 
(Braithwaite et al. 2005). Biofilms are responsible for many problems in environmental, 
industrial, and medical settings and, therefore, represent a large economic burden.  
Biofilms can also be beneficial. In sewage treatment plants, water passes over a biofilm 
that can extract and digest organic compounds (Capdeville et al. 1992, Lewandowski et al. 
2011). Bacteria within biofilms filter water and can be harnessed to eliminate oil contamination 
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from marine environments (Dasgupta et al. 2013). Most recently, advances have been made to 
use biofilms in microbial fuel cells to generate electricity from complex organic waste (Kaiser et 
al. 2017). Natural biofilms that form in rivers and streams are an important component of the 
food chain as biofilms are grazed upon by aquatic invertebrates. The positive impact of bacteria 
in the human gut is well known, but how bacteria within a biofilm might provide the host with 
important bacterial metabolites and protect against invading pathogens is an ongoing area of 
research (Probert et al. 2002). In these diverse environments, bacteria undergo similar 
developmental stages to form a biofilm. 
Initiation of the Biofilm. 
Biofilms form when free-living bacterial cells respond to environmental cues that trigger 
changes in gene expression that allow bacteria to attach to surfaces (Stanley 1983). The initial 
interaction between individual bacterial cells and between the cells and a surface occurs when 
any of a variety of cell structures promote attachment (O'Toole et al. 2000) (Fig. 6). Often, the 
structures that mediate the attachment of cells to a surface include flagella, LPS, or other such 
molecules that are located on the surface of the bacterium (O'Toole et al. 1998, Pratt et al. 1998, 
Watnick et al. 1999). The bacteria then use pili and flagella to remain attached to the surface and 
to spread across the surface, covering more area (Pratt et al. 1998, Shrout et al. 2006). Many 
species of bacteria have linked flagella and pili to surface sensing functions (Cairns et al. 2013). 
Cells first reversibly attach to a surface and, upon subsequent irreversible attachment, they begin 
to develop a community (Vigeant et al. 2002, Hinsa et al. 2003). Once bacteria have received the 
appropriate signals and have completed the attachment stages of biofilm formation, the bacteria 
will begin to produce and secrete the extracellular polymeric substance (EPS), comprised of 
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polysaccharide, protein, and extracellular DNA (Flemming et al. 2007). The production of 
biofilm polysaccharides is well-characterized and can facilitate cell-cell or cell-surface adhesion, 
function as a protective layer, or participate in signaling (Limoli et al. 2015). 
Maturation. 
After attachment, development enters the second stage: maturation (Fig. 6). This stage is 
marked by two properties: increased exopolysaccharide production and increased antibiotic 
resistance. The matrix components account for nearly 90% of the dry mass of the biofilm 
(Flemming et al. 2010). During the maturation step, the extracellular matrix encases the cells. 
The matrix provides protection for the bacterial cells against UV irradiation (Elasri et al. 1999), 
predation (Matz et al. 2005), pH gradients (Davey et al. 2000), desiccation (Chang et al. 2007), 
and host defenses (Donlan et al. 2002). The production of the extracellular matrix also gives the 
biofilm shape. The organization of cells and matrix can generate channels and pores within the 
biofilm that allow for the exchange of nutrients. Thus, there can exist different concentrations of 
nutrients within distinct regions of the biofilm. Cells can respond to the molecules within a 
particular niche accordingly, resulting in phenotypic heterogeneity. Cells perform different 
functions within the biofilm community depending on the particular environment they 
experience (Vlamakis et al. 2008, Lopez et al. 2009). Some cells produce the matrix, some 
become responsible for resistance to certain stimuli, and some bacteria become cannibals that 
consume nutrients from dead neighbors (Lopez et al. 2009). Phenotype heterogeneity is believed 
to allow for the formation of a community that can withstand different stresses (Boles et al. 
2004). During biofilm maturation, bacteria may develop additional properties such as increased 
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resistance to UV light, increased rates of genetic exchange, increased secondary metabolite 
production, and altered biodegradative capabilities (O'Toole et al. 2000).  
Dispersal from the Biofilm. 
The last stage of biofilm formation involves detachment from the biofilm. Cells can then 
travel to a new location and start the biofilm formation process over (Stoodley et al. 2001). 
Dispersal is thought to allow bacteria to escape overcrowding or other poor environmental 
conditions in an aged biofilm. The cue to leave a biofilm comes from dispersal signals that 
include variations in nutrient concentrations, autoinducers or other bacterial-derived 
communication signals, and other small molecules such as NO (described in greater detail 
below) (Barraud et al. 2006, Cutruzzola et al. 2016). A subpopulation of cells in the biofilm 
recognize the dispersal signal (Purevdorj-Gage et al. 2005), which induces genetic pathways that 
lead to the breakdown of the biofilm matrix. Degradative enzymes (Gjermansen et al. 2005, 
Mann et al. 2009), surface-tension reducing surfactants (Boles et al. 2005), or cell-death from 
bacteriophage lysis (Garcia-Contreras et al. 2008) mediate matrix breakdown. The degradation 
permits motile cells to escape the biofilm. In a patient, this detachment can allow bacteria to 
disseminate to another site, form a biofilm and cause persistent disease (O'Toole et al. 2000). 
Inducing a biofilm to disperse with therapeutic treatment may also help eradicate the infection. 
The molecular mechanisms underlying dispersal are an active area of research. 
 Nitric oxide is one well-characertized signal for biofilm dispersal. One model system for 
the study of biofilm formation is Pseudomonas aeruginosa, an opportunistic pathogen often 
isolated from the lungs of cystic fibrosis (CF) patients and frequently resistant to antibiotic 
therapy and host antimicrobials responses. It is often found in CF patients in its biofilm lifestyle. 
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P. aeruginosa goes through the previously described stages of biofilm formation (Cutruzzola et 
al. 2016). P. aeruginosa biofilm dispersal is reported to be correlated with the production of 
oxidative or nitrosative stress-inducing molecules, and it was hypothesized that specific reactive 
oxygen or nitrogen species might contribute to dispersal. Indeed, dispersal was induced with low, 
sublethal exogenous concentrations of NO (Barraud et al. 2006). P. aeruginosa is able to respire 
under anaerobic conditions in the presence of nitrite and nitrate by denitrification, where nitrate 
is reduced to NO by the enzyme NirS. NorB and NorC are nitrate reductases that detoxify NO in 
the environment (Cutruzzola et al. 2016). A mutant of P. aeruginosa unable to generate 
metabolic NO through anaerobic respiration (nirS) did not disperse. In contrast, a mutant of P. 
aeruginosa unable to detoxify NO (norCB) exhibited increased dispersal (Barraud et al. 2006). 
These results demonstrate NO is a potent dispersal agent of biofilms. This result has been 
recapitulated in many other systems (Barraud et al. 2015). Interestingly, the impact of NO on P. 
aeruginosa biofilms is dependent on the redox environment. Under aerobic conditions, NO 
affects the expression or activity of proteins related to motility. Under strict anaerobic 
conditions, NO accumulation appears to favor biofilm formation (Cutruzzola et al. 2016). 
 NirS controls many factors that lead to dispersal. For example, NirS can impact 
rhamnolipid, a surfactant important for swarming motility, production via RhlAB by producing 
NO. NirS has also been implicated in motility by directly controlling flagellum formation by 
protein-protein interactions (de la Fuente-Nunez et al. 2013). In the presence of exogenous NO in 
P. aeruginosa, several NO-binding or NO-responsive factors have been identified that lead to the 
dispersal of biofilms. NO can bind sensors or regulators that impact the levels of c-di-GMP in 
the cell. NO has been linked to increased phosphodiesterase activity. Two well-characterized 
30 
 
   
 
pathways that lower c-di-GMP concentrations are BldA and NbdA, and it is hypothesized that 
NO-sensing proteins feed into either pathway, resulting in a decrease in c-di-GMP 
concentrations that leads to increased dispersal (Cutruzzola et al. 2016). 
Conclusions. 
 Biofilms are found ubiquitously in life, and they play dual positive and negative roles in 
the environments in which they are found. In the human host, biofilms can cause persistent 
infections that are hard to eradicate. Biofilms have been implicated in human health in the GI 
tract where biofilms are predicted to provide nutrients and protect the host from invading 
pathogens. In industrial settings, biofilms can play a negative role in biofouling, but the power of 
biofilms can be harnessed to clean water and generate energy. 
 Biofilms play an important role in many environments. Biofilm development is a 
dynamic process that can vary from species to species, but the general principles of biofilm 
formation appears universal. Bacteria go through stages of biofilm development including 
initiation, maturation, and dispersal. Given how important biofilm formation is in many different 
environments and that the process is universal, it remains critical to develop models to 
understand how the process is regulated and what factors influence the various stages of 
development. 
The Vibrio fischeri-Euprymna scolopes symbiosis 
Introduction. 
The symbiotic relationship between the bacterium Vibrio fischeri and its invertebrate 
host, the Hawaiian bobtail squid Euprymna scolopes, is a well-characterized model for bacterial-
host interactions (Wei et al. 1989). The symbiosis has provided tremendous insights into 
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bacterial and host processes that facilitate microbe-host relationships (McFall-Ngai 2014). The 
wealth of knowledge is, in part, because both symbiotic partners can be easily manipulated. V. 
fischeri is easily grown under standard laboratory conditions. V. fischeri is a genetically tractable 
organism whose genome has been sequenced, and many host-relevant phenotypes have been 
identified and can be assessed for the organism including motility, biofilm formation, and 
luminescence. E. scolopes can be maintained in an artificial marine system and can be readily 
bred to generate juveniles, which can be used in colonization experiments. Colonization of the 
aposymbiotic juvenile squid occurs over a few hours timespan and can be monitored by 
luminescence, bacterial enumeration, or microscopy techniques. As V. fischeri is the sole 
colonizer of the symbiotic organ of the squid, the symbiosis provides a simple model to test 
specific hypotheses about the requirements for and responses to colonization in both the bacteria 
and the squid. 
Symbiosis is initiated upon hatching: juvenile E. scolopes hatch aposymbiotic and must 
acquire V. fischeri from the environment (Wei et al. 1989). V. fischeri represents only a small 
fraction (~0.1%) of the bacteria present in the ocean environment (Lee et al. 1992, Lee et al. 
1995). Yet the colonization is highly specific as V. fischeri is the sole colonizer, out of many 
related bacterial species that the squid encounters, of a specialized symbiotic organ, called the 
light organ, of the juvenile squid (McFall-Ngai et al. 1991). V. fischeri enters the squid in 
seawater ventilated by the squid into its mantle cavity where the light organ is located (McFall-
Ngai et al. 1990). 
The light organ, a bilobed structure, takes up most of the space in the mantle cavity. The 
surface of the light organ is lined by ciliated epithelial fields. Each half of the light organ 
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contains three pores that lead to the interior of the organ. The pore leads to the ciliated duct, 
which opens to the antechamber. The antechamber leads into the crypt space (McFall-Ngai et al. 
1990, Montgomery et al. 1998, Sycuro et al. 2006). Bacteria that travel into the pore and through 
the duct and antechamber finally reach and replicate in the crypt space. When V. fischeri reaches 
high cell density, cells will bioluminesce, an important process for persistence of the symbiosis 
(Visick et al. 2000, Koch et al. 2014) (Fig. 7). The squid uses the light produced by V. fischeri to 
avoid predation in a process called counterillumination (Wei et al. 1989). The squid focuses the 
light ventrally to mask its silhouette, which would be problematic when the nocturnal squid 
emerges at night to hunt for food (Ruby 1996, Jones et al. 2004). In exchange for the light 
produced, V. fischeri enjoy a nutrient-rich environment within the light organ, although the light 
organ environment is not without its challenges. The light organ contains innate immune cells 
and antimicrobials (McFall-Ngai 1999, McAnulty et al. 2016), that V. fischeri encounter and 
must evade or withstand. 
In the following sections, I will describe the steps in colonization and factors that impact 
the symbiosis. Colonization is a dynamic process that requires coordination on the part of both 
the bacteria and the squid. After the initial colonization stages, the squid undergoes drastic 
morphological changes. Additionally, the bacteria must adapt to the symbiont lifestyle and learn 
to coexist with the host’s immune system. The events during the initiation establish the 
symbiosis for the remainder of the squid’s life. 
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Figure 7. The Light Organ of Juvenile E. scolopes. (A) Cartoon of juvenile E. scolopes with 
light organ. (B) Cartoon depiction of half of the light organ for simplicity. Three pores are 
located at each end of the light organ at the base of two ciliated epithelial fields. Each pore leads 
to a crypt space via the duct and antechamber. V. fischeri are represented as orange ovals and 
aggregate outside the light organ in the squid-secreted mucus forming a biofilm. Cells will 
eventually disperse from the biofilm and migrate to the pores, through the ducts and antechamber 
to the deep crypt spaces. Cells will grow to high cell density and bioluminesce. Modified from 
(Sycuro et al. 2006). 
 
Initiation. 
 Newly hatched juveniles acquire V. fischeri from the seawater environment. Given the 
relatively low abundance of V. fischeri in the bacterial population in seawater (Lee et al. 1992, 
Lee et al. 1995), how are the bacteria and host able to facilitate interaction? The squid ventilates 
seawater through the mantle cavity (McFall-Ngai et al. 1990), but the amount of seawater 
ventilated through the cavity is unsubstantial (~1 ul) (Ruby et al. 1998). Both the host and 
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bacteria have developed mechanisms for increasing the chance of encounter leading to 
colonization. 
Upon hatching, E. scolopes is competent to interact with any bacteria. It has a fully 
developed light organ with ciliated epithelial fields located on the surface (McFall-Ngai et al. 
1990). The cilia help to circulate the water when the squid ventilates seawater, further increasing 
the odds of bacterial interaction. Within minutes of hatching, superficial fields of epithelial cells 
on the surface of the light organ begin to secrete mucus induced by the presence of 
peptidoglycan and other microbe associated molecular patterns (MAMPs) located on bacteria 
present in the seawater (Nyholm et al. 2000, Nyholm et al. 2002). 
During the initiation process, the squid employs various mechanisms to prevent 
colonization by non-symbiotic bacteria. Hours after hatching, the squid releases antimicrobials 
including the release of reactive oxygen species (ROS) (Visick et al. 1998, Small et al. 1999) and 
nitric oxide (NO) (Davidson et al. 2004). In response, the bacteria employ mechanisms to evade 
killing and, in this way, V. fischeri is able to outcompete non-symbiotic bacteria for colonization. 
V. fischeri evades cell death by detoxification of ROS (Visick et al. 1998). V. fischeri can also 
detoxify NO via the NsrR regulon (Dunn et al. 2010, Wang et al. 2010). Interestingly, NO 
restricts the accumulation of non-symbiotic bacteria (Davidson et al. 2004). The role of NO in 
symbioses, particularly the Vibrio-squid symbiosis, is described below. 
 While ventilation and cilia can facilitate movement of the bacteria to a relatively quiet 
location near the pores of the light organ  (Nawroth et al. 2017), mucus secretion by the squid 
provides a surface on which bacteria can remain static (Nyholm et al. 2002). In this “quiet” 
space, bacteria can aggregate, using the mucus as a substrate and interacting with the host’s 
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epithelial cilia (Nyholm et al. 2000, Altura et al. 2013). The aggregation formed by V. fischeri is 
considered a biofilm (Yip et al. 2005). While various species of bacteria can participate in 
forming the biofilm, V. fischeri is eventually the dominant strain (Nyholm et al. 2003, Altura et 
al. 2013). 
 Biofilm formation by V. fischeri is controlled by the Syp (for symbiosis polysaccharide) 
pathway, a complex two-component signaling pathway (Yip et al. 2005, Yip et al. 2006, Hussa et 
al. 2008). The Syp pathway regulates the production of the Syp polysaccharide (Syp-PS), the 
major component of the biofilm matrix. Cells that are unable to form a biofilm fail to colonize 
the squid. Cells that form enhanced biofilms exhibit enhanced colonization (Nyholm et al. 2000, 
Yip et al. 2006, Morris et al. 2013). Syp permits bacterial cell-cell interactions and facilitates the 
aggregation of cells to each other and to the squid surface. The Syp pathway is described in 
greater detail in subsequent sections.  
Bacteria then must disperse from the biofilm and travel through the pores, ducts, and 
antechamber and, finally, into the crypt spaces, where they establish colonization (Nyholm et al. 
2002). Only mobile bacteria are competent to reach the crypt spaces as non-motile strains exhibit 
colonization defects (Graf et al. 1994, Millikan et al. 2002, Millikan et al. 2004, Wolfe et al. 
2004). V. fischeri promotes locomotion using the 1-5 sheathed flagella located at the pole of the 
cell (Millikan et al. 2002). V. fischeri cells can also chemotax, a sensory mechanism that allows 
these motile bacteria to move toward attractants and away from repellants. V. fischeri encodes 
conserved proteins predicted and shown to be involved in chemotaxis (DeLoney-Marino et al. 
2003, Hussa et al. 2007, Deloney-Marino et al. 2012, Brennan et al. 2013). Indeed, V. fischeri 
can chemotax in response to a variety of sugars including: N-acetylneuraminic acid (NANA), the 
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monosaccharide GlcNAc, and the disaccharide (GlcNAc)2 (Nyholm et al. 2000, DeLoney-
Marino et al. 2003, Heath-Heckman et al. 2011, Mandel et al. 2012). Squid-derived chitin serves 
as a chemotactic signal for V. fischeri. During colonization, V. fischeri uses the gradient of chitin 
secreted by the squid to enter the light organ and colonize the deep crypt (Mandel et al. 2012). 
During the colonization process, bacterial cells aggregate within mucus on the superficial 
ciliated fields as described in previous sections (Nyholm et al. 2000, Altura et al. 2013). Non-
symbiotic bacteria must be specifically eliminated from colonization without excluding 
symbiotically-competent bacteria. Other Gram-negative bacteria will aggregate in the mucus 
(Nyholm et al. 2000), but these bacteria are unable to colonize host tissues (McFall-Ngai et al. 
1991), suggesting the host has a mechanism for limiting colonization and the specific symbiont, 
V. fischeri, has evolved a mechanism for overcoming limitation. Evidence suggests that the squid 
produces nitric oxide (NO), and NO mediates symbiont colonization. The first evidence came 
from experiments that detected nitric oxide synthase activity, an enzyme that catalyzes the 
production of NO, in squid tissues using a stain, NADPH diaphorase (Davidson et al. 2004). 
NADPH diaphorase staining in the ducts and the antechambers of the crypts of juvenile squid 
indicated NOS activity. Staining indicative of NOS activity was also detected in the same tissues 
at early stages of embryogenesis (Davidson et al. 2004), suggesting NOS is produced before 
hatching. After 18 hours of colonization, the levels of NOS detected in colonized squid were 
similar to aposymbiotic squid (Davidson et al. 2004). These studies provided evidence that the 
squid produces the enzyme needed to generate NO at early stages of development, and the level 
of NOS decreases after colonization in response to bacterial signals. 
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Given the ability to detect NOS in squid tissues, it was hypothesized that the squid could 
produce NO and the production of NO could be a mechanism by which the host is able to allow 
symbiotically-competent bacteria to colonize. Embryonic and hatchling light organs were stained 
with diaminofluorescein (DAF), a fluorescent dye used to detect NO. High levels of NO were 
detected in the ciliated epithelial fields, ducts and antechambers. NO was also detected in 
vesicles in mucus secreted from the superficial ciliated epithelial fields. Production of NO 
occurred in the early stages of embryogenesis (Davidson et al. 2004), suggesting that NOS is not 
only present but active and able to produce NO. Furthermore, NO production is attenuated by the 
production of bacterial toxins, LPS and TCT (Altura et al. 2011). The detection of NOS and NO 
in tissues that symbiotic bacteria encounter and that NOS and NO are produced before hatching 
during embryogenesis suggest that NO is an important mediator of events early in the lifecycle 
of squid, potentially during symbiosis. Together, these data suggest that NO mediates cross-talk 
between the bacterium and its host. 
Attempts to modify host NO levels were made using NO scavengers. In these 
experiments, juvenile squid were exposed to rutin hydrate and N-methyl-D-glucamine 
dithiocarbamate, two NO scavengers that scavenge free radicals, during incubations with 
symbiotic (V. fischeri) and non-symbiotic (Vibrio parahaemolyticus) bacteria (Davidson et al. 
2004). Both symbiotic and non-symbiotic bacteria were able to form aggregates that were 
significantly larger than aggregates formed when NO scavengers were not present. Interestingly, 
the larger V. parahaemolyticus aggregates did not correlate with an increased ability to enter the 
light organ (Davidson et al. 2004). These results suggest that NO impacts the aggregation size of 
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the bacteria, but aggregation size is only one factor that contributes to the ability to colonize the 
squid. 
Under normal circumstances, V. fischeri is the competitive dominant strain in the mucus 
aggregates (Nyholm et al. 2003). It was hypothesized that in a mixed population, NO might alter 
the ratio of symbiotic to non-symbiotic bacteria. For the symbiotic aggregates, V. fischeri was 
incubated in a 1:1 ratio with non-symbiotic bacteria to determine if the ratio of symbiotic to non-
symbiotic bacteria could be altered in the presence of a NO scavenger. The NO scavenger had no 
impact on the proportion of symbiotic to non-symbiotic bacteria (Davidson et al. 2004). These 
results suggest that while NO restricts the aggregation of non-symbiotic bacteria, other factors 
mediate the ability of symbiotic bacteria to dominate in mucus aggregates. 
Symbiotic Relationship. 
 Once successful colonization occurs, the symbiosis is established for the life of the squid. 
A healthy symbiotic relationship is maintained by host and bacterial factors that ensure V. 
fischeri remains the exclusive bacteria within the crypt spaces. Dynamic changes occur in the 
host including: dramatic morphological changes, decreasing antimicrobial production, and a 
down-regulation of immune responses. A successful symbiosis also relies on the bacteria’s 
ability to bioluminesce.  
 Once colonized, the squid undergoes dramatic morphological changes (McFall-Ngai et al. 
1991, Montgomery et al. 1994, Foster et al. 1998). While mucus production within the crypt 
spaces increases after colonization, the host inhibits mucus secretion around the ciliated 
appendages. Inhibition is reversible as removal of V. fischeri by antibiotic treatment can induce 
mucus secretion again (Nyholm et al. 2002). The ciliated epithelial cells undergo apoptosis, and 
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the ciliated appendages regress (McFall-Ngai et al. 1991, Montgomery et al. 1994, Foster et al. 
1998). The morphological changes are triggered by two bacterial toxins, TCT and LPS 
(Koropatnick et al. 2014), and are thought to protect the already colonized light organ, and V. 
fischeri, from further bacterial infection. In the crypt spaces, the microvilli become denser and 
cells swell, contributing to greater interaction between the host and the bacteria (Lamarcq et al. 
1998). 
 Similar to other invertebrates, the squid does not have an adaptive immune response and 
relies on innate immune responses, including complement, to protect itself (Castillo et al. 2009). 
The squid must balance protecting itself from harmful pathogens and preventing an immune 
response against its symbiont. One immune cell type found within crypt space is the hemocyte, a 
macrophage-like cell with the ability to phagocytose bacteria (Nyholm et al. 1998). V. fischeri 
encounters innate immune responses in the crypt spaces, including hemocytes, although 
hemocytes readily bind non-symbiotic bacteria but fail to recognize V. fischeri (Nyholm et al. 
2009). The squid also relies on the release of antimicrobials to defend itself. While anti-
microbials are important to prevent pathogen infection, the release of the antimicrobial NO is 
down-regulated after colonization as there is less NOS activity and NO produced 18 hours after 
colonization (Davidson et al. 2004). 
Evidence also suggests that the squid produces a peroxidase that could produce ROS 
harmful to the bacteria (Tomarev et al. 1993, Small et al. 1999, Heath-Heckman et al. 2011, 
Schleicher et al. 2011). One way in which V. fischeri overcomes ROS is through inhibition of the 
respiratory burst activity of the cell. V. fischeri. It was thought that two proteins, HvnA and 
HvnB, might mediate inhibition of the respiratory burst however the role of these proteins in the 
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persistence stages of symbiosis remains unclear (Stabb et al. 2001). There is also evidence that 
suggests V. fischeri counteracts host peroxidase activity by competing for hydrogen peroxide as a 
substrate (Visick et al. 1998).  
The squid maintains its symbiont by providing the bacteria with a supply of carbon and 
nitrogen sources in the form of peptides and proteins (Graf et al. 1998). While there are many 
nutrients provided by the squid, one nutrient that is limiting is iron. This is a similar conundrum 
many pathogenic bacteria face, where the host limits iron availability. In response, bacteria have 
derived strategies to acquire iron from host-derived heme-based compounds (Wandersman et al. 
2004). V. fischeri encodes a heme-uptake cluster of genes that is induced as early as 14 hours 
post-inoculation. Cells that contained a disruption of genes within the heme uptake cluster were 
unable to use hemin as a sole iron source(Septer et al. 2011). Genes within the heme uptake 
cluster were controlled by the Fur (ferric uptake regulation) protein in response to iron 
concentrations. The impact of a disruption in the heme uptake cluster was assessed in 
colonization studies, and the inability to take up heme from the environment did not limit 
colonization. Strains that are unable to acquire heme from the environment fail to persist in the 
light organ (Septer et al. 2011). These results suggest that there is low heme availability in the 
squid light organ and V. fischeri has employed a way to acquire heme. 
Iron uptake genes have previously been described as an important factor in maintaining 
the symbiosis. GlnD was identified in a transposon mutagenesis experiment and has a 
siderophore production defect. An insertion in glnD impacted nitrogen metabolism: a glnD 
mutant had a growth defect in low iron. In colonization experiments, a glnD mutant colonized 
juvenile squid normally over the first 24 hours, but  failed to persist longer in the light organ 
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unless supplemented with excess iron (Graf et al. 2000). These results suggest that iron 
acquisition by the bacteria is required in the squid environment.  
Conversely, too much iron accumulation can be inhibitory. The accumulation of 
intracellular iron in V. fischeri within the light organ may be detrimental as it can lead to the 
production of harmful hydroxyl radicals through the Fenton reaction, although there is no 
evidence of this in the light organ. The Fenton reaction produces reactive oxygen species from 
hydrogen peroxide (Halliwell et al. 1984). This suggests the bacteria’s ability to regulate iron 
acquisition is important not only for survival, but also for the symbiosis. 
Conclusions. 
 The symbiosis between two simple organisms, V. fischeri and E. scolopes, is complex 
and requires coordination on the part of the bacteria and the squid. The squid has an entire organ 
dedicated to the symbiosis and undergoes complex morphological changes to increase interaction 
with the bacteria and maintain the relationship with bacteria. V. fischeri also undergoes dynamic 
and complex changes, adapting a biofilm lifestyle that requires much regulation to ensure it 
forms at the proper space and time. Factors that influence the interaction between the bacteria 
and squid remain an active area of research. The next section describes the regulation that 
controls biofilm formation by V. fischeri. 
Biofilm formation by Vibrio fischeri 
Introduction. 
The formation of a biofilm is an important survival strategy used by many bacteria. A 
natural model used to study biofilm formation is the symbiosis between Vibrio fischeri and its 
host, the Hawaiian bobtail squid, Euprymna scolopes (Yip et al. 2005). V. fischeri colonizes its 
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host by first forming a biofilm on the surface of the squid. Bacteria then disperse from the 
biofilm to enter and colonize the organ (Nyholm et al. 2000). At present, seven regulators are 
known to control biofilm formation. Six of these regulators fall into a large class of regulators 
known as two-component signaling (TCS) regulators. Mutants defective for TCS regulators 
exhibit defective or accelerated biofilm formation in culture, and, correspondingly, achieve 
worse or better colonization outcomes during symbiotic colonization (Yip et al. 2005, Yip et al. 
2006, Norsworthy et al. 2015). The direct correlation between a strain’s ability to promote 
biofilm formation in vitro and colonize the host makes V. fischeri an ideal organism to study 
biofilm formation. 
Biofilm formation can be observed in laboratory settings by the formation of cohesive 
wrinkled colonies on solid agar, pellicles at the air-liquid interface in liquid culture under static 
conditions, and cell clumping in liquid culture under shaking conditions (“shaking cell 
clumping”) (Yip et al. 2006, Darnell et al. 2008, Tischler et al. 2018). In contrast to the biofilms 
that form naturally on the host, in vitro biofilms are observed only by strains that have been 
genetically manipulated (e.g., by overexpression of positive biofilm regulators and/or disruption 
of negative regulators). These data suggest that biofilm formation is tightly controlled in V. 
fischeri and may require a host-specific or as-yet unidentified signal to promote biofilm 
phenotypes. 
In the following section, I describe what is known about biofilm formation in V. fischeri. 
As much of control of biofilm formation is regulated by TCS regulators, I first describe TCS in 
general, followed by the TCS regulators that control biofilm formation. Then I describe other 
factors that regulate biofilm formation including factors involved in the maturation of the 
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biofilm, such as matrix components. Finally, I describe recently identified signals of biofilm 
formation and how they might control biofilm formation.  
Two-Component Signaling. 
One mechanism by which bacteria sense their environment is through two-component 
signaling (TCS). TCS connects an external signal to a relevant output by the bacteria (Stock et al. 
2000) using proteins known as sensor kinases (SK) that detect the signal and proteins known as 
response regulators (RR) that elicit the response. In the simplest pathway, upon signal receipt, 
the SK autophosphorylates on a conserved histidine residue present within its HisKA domain 
(Stock et al. 2000, West et al. 2001). The phosphoryl group is donated to a conserved aspartate 
residue within the receiver (REC) domain of a partner RR (Bourret et al. 1990). Phosphorylation 
of the RR is thought to stabilize the protein in a particular conformation (Stock et al. 2000), 
which allows the RR to carry out a response, such as binding DNA or altering enzyme activity 
(Galperin 2010).   
More complicated pathways exist wherein sequential phosphotransfer events occur on 
four highly conserved histidine and aspartate residues present in two or more proteins (Wuichet 
et al. 2010). SKs that contain two or more of these four domains are known as hybrid SKs. A 
hybrid SH autophosphorylates on a conserved histidine residue within the HisKA domain. The 
phosphoryl group serves as a phospho-donor for a conserved aspartate residue located within the 
REC domain of the SK. The phosphoryl group may then serve as a phospho-donor for a second 
conserved histidine located with a histidine phosphotransferase (Hpt) domain, which may be 
contained in the SK or in a separate protein. The phosphoryl group can then be transferred to the 
RR, promoting RR activity (West et al. 2001). Extra steps in a phosphorelay are thought to 
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provide opportunities for the cell to exert additional control over the signaling (Uhl et al. 1996, 
West et al. 2001, Jung et al. 2012). Finally, SKs typically have phosphatase activity, permitting 
them to exert negative control over their cognate RRs (Kenney 2010). 
Regulation of Biofilm Formation. 
In V. fischeri, TCS positively and negatively controls biofilm formation by dictating the 
production of the symbiosis polysaccharide (Syp-PS), the major component of the biofilm matrix 
(Fig. 8). Control occurs both at the level of transcription of the 18-gene syp locus, which encodes 
the proteins necessary to build and export the polysaccharide, and an unknown level below syp 
transcription (Yip et al. 2006, Shibata et al. 2012). Until recently, investigations of syp-
dependent biofilm formation depended on the overproduction of positive regulators or the 
deletion of negative regulators. In the following sections, I describe the regulators that control 
biofilm formation: the hybrid SKs RscS and SypF, the RRs SypG and SypE, the STAS domain 
protein, SypA, and the hybrid SKs HKs BinK and HahK. 
rscS (regulator of symbiotic colonization—sensor) encodes a hybrid sensor kinase that 
was identified in a screen for mutants unable to colonize juvenile, aposymbiotic squid (Visick et 
al. 2001). RscS contains a high degree of similarity to other SKs, including three domains, 
conserved residues predicted to be involved in a phosphorelay, and a periplasmic loop, which 
may provide a signal recognition domain (Visick et al. 2001, Yip et al. 2006). An rscS mutant 
was not defective for growth, motility, or light production (Visick et al. 2001), suggesting a lack 
of colonization was not due to an inability to grow or migrate to the light organ to produce light. 
Subsequently, it was revealed that an rscS mutant was unable to aggregate on the surface of the 
light organ (Yip et al. 2006). 
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The discovery of RscS revealed a bacterial determinant for aggregation. The discovery 
represents the first evidence that bacteria play an active role in colonization. RscS is also a 
specificity determinant for squid colonization. When rscS is introduced into an isolate of V. 
fischeri that is unable to colonize the squid, MJ11, the resulting strain was competent to colonize 
(Mandel et al. 2009). Thus, RscS is an important factor in colonization due to its ability to 
promote symbiotic aggregation.   
Work revealed that RscS regulated the symbiosis polysaccharide (syp) locus. The syp 
locus encodes 18 proteins predicted to regulate, build, and export the Syp polysaccharide (Syp-
PS), the major component of the biofilm matrix discussed in greater detail below (Yip et al. 
2005, Yip et al. 2006). Overexpression of an increased activity allele rscS1 induced syp 
transcription whereas wild-type cells fail to form biofilms. Wild-type cells overexpressing RscS1 
also produced wrinkled colonies on solid media, pellicles at the air-liquid interface under static 
conditions, and cell clumping in liquid culture under shaking conditions. The ability to produce 
aggregation phenotypes occurred in a syp-dependent manner as loss of sypN abrogated enhanced 
phenotypes observed in the RscS overexpressing strain. Furthermore, the enhanced aggregation 
phenotypes in vitro correlated with enhanced aggregation phenotypes in vivo, and the rscS1 
overexpressing cells were able to outcompete wild-type cells for colonization (Yip et al. 2006). 
RscS is an orphan SK, unlinked to a RR gene. Its RR partner(s) was initially unknown. 
The identification of RscS as a regulator of the syp locus led to studies that characterized two 
RRs encoded in the syp locus, SypG and SypE. Interestingly, the syp locus encodes a SK, SypF. 
Until recently, the contribution of SypF and its interaction with RscS was unknown. 
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Figure 8. Model for Control of Biofilm Formation by V. fischeri. RscS senses an as-yet 
unknown signal and autophosphorylates. The phosphoryl group is transferred from RscS to the 
Hpt domain of SypF. SypF transfers the phosphoryl group to SypG, which activates transcription 
of the syp locus. BinK, has recently been identified as a negative regulator of biofilm formation. 
A recent discovery found that HahK could feed into the pathway at the level of the SypF Hpt 
domain. HnoX was previously identified as a NO sensor that inhibits symbiotic colonization by 
V. fischeri and is predicted to inhibit HahK. 
 
 sypF encodes a hybrid sensor kinase located within the syp locus. SypF contains domain 
architecture similar to RscS. SypF contains three conserved domains: HisKA, REC and Hpt 
domains. SypF also contains conserved histidine (H250, H705) and aspartate (D549) residues 
predicted to be involved in phosphotransfer and are typical of SKs. SypF also serves as a 
regulator of biofilm formation (Darnell et al. 2008, Norsworthy et al. 2015). Strains that 
overexpressed an increased activity allele of sypF, sypF*, exhibited increased syp transcription. 
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Additionally, overexpression of sypF* resulted in cell clumping in liquid culture under shaking 
conditions, wrinkled colony formation, pellicle formation at the air-liquid interface under static 
conditions, and increased glass attachment. Sequencing analysis revealed two mutations in sypF* 
including a mutation located three residues from the conserved histidine residue (H250) 
predicted to be involved in phosphotransfer (Darnell et al. 2008). It was hypothesized that, given 
the proximity of this mutation to H250, the mutation impacted the predicted kinase activity of 
SypF. 
Subsequent studies of SypF revealed that SypF is critical for biofilm formation and host 
colonization. SypF is required for syp transcription and wrinkled colony formation when RscS is 
overexpressed (Norsworthy et al. 2015). Interestingly, not all the predicted residues for 
phosphotransfer in SypF were required for RscS-induced biofilm formation. Only the last 
histidine residue located within the Hpt domain of SypF was required for RscS-induced biofilm 
formation and host colonization (Norsworthy et al. 2015). RscS contains its own Hpt domain but 
this was dispensable for biofilm formation (Geszvain et al. 2008). These results suggested that 
RscS and SypF, specifically the Hpt domain, work together to promote syp transcription and 
biofilm formation. This work resulted in the model that, upon signal activation, RscS initiates a 
phosphorelay that drives activation of SypG via SypF’s Hpt domain, resulting in increased syp 
transcription (Fig. 8).  
The activity of RscS and SypF depends on the RR SypG, the direct transcriptional 
activator of the syp locus (Ray et al. 2013). SypG was identified as a predicted RR encoded 
within the syp locus necessary for biofilm formation and host colonization (Yip et al. 2005, 
Hussa et al. 2007). SypG contains three predicted domains: an N-terminal REC domain, a σ54 
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interaction domain, and a C-terminal DNA binding domain. SypG is predicted to activate 
transcription, specifically syp transcription, by binding to specific sites in the DNA. The syp 
locus contains at least four promoters with σ54 sites. The sites are upstream of sypA, sypI, sypM, 
and sypP (Yip et al. 2005).  
Specific SypG-recognition sites were identified upstream of the four identified syp 
promoters and named syp enhancer (SE) sequences. The SE contains an inverted repeat that 
could be bound by SypG. The SE was required for sypG-mediated syp transcription. Individual 
bases within the SE necessary for activation were identified. Deletion of the SE led to defects in 
both biofilm formation and host colonization (Ray et al. 2013). These results suggest that SypG 
is the transcriptional activator of the syp locus and a key positive regulator of biofilm formation. 
Interestingly, while SypG was required for rscS-induced biofilm phenotypes, overexpression of 
SypG alone did not promote biofilm phenotypes (Hussa et al. 2008, Morris et al. 2013). Biofilm 
phenotypes were only observed for SypG overexpression in strains deficient for sypE (Hussa et 
al. 2008).  
In addition to the positive regulators, two negative regulators have been identified, BinK 
and SypE. The sensor kinase BinK also functions as a strong negative regulator of syp 
transcription and biofilm formation (Brooks et al. 2016, Pankey et al. 2017, Tischler et al. 2018) 
(Fig. 8). binK mutants exhibit a colonization advantage, and bacterial aggregates are larger in 
strains lacking binK (Brooks et al. 2016). Mutations were identified in binK that promoted 
colonization of non-symbiotic bacteria (Pankey et al. 2017), suggesting BinK is a negative 
regulator of biofilm formation. BinK effects were dependent on an intact RscS-Syp biofilm 
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pathway, and evidence suggested that BinK is a negative regulator of syp transcription (Brooks 
et al. 2016). How BinK inhibited biofilm formation dependent on Syp remains unclear. 
binK mutants fail to form biofilms under standard laboratory conditions (without the 
overexpression of a positive regulator); however, exposure to calcium induces three in vitro 
biofilm phenotypes in the binK mutant: wrinkled colonies, pellicles, and shaking cell clumping 
(Tischler et al. 2018). In contrast, rscS overexpression is sufficient to induce wrinkled colonies 
and pellicles (but not shaking cell clumping) even in the absence of calcium. These findings 
indicate that, while there is phenotypic overlap, loss of BinK does not phenocopy RscS 
overexpression and thus likely other factors are involved in calcium-dependent binK biofilms. 
These findings permitted, for the first time, an assessment of the complex phosphorelay pathway 
in the absence of overexpressed regulators and the identification of a new regulator, HahK. The 
specific role for BinK and the pathway(s) controlled by calcium are as yet unknown. 
The response regulator SypE functions primarily as a strong negative regulator, although 
it can also exert positive activity (Morris et al. 2011, Morris et al. 2013, Morris et al. 2013). 
SypE contains three domains: a serine kinase, REC, and serine phosphatase domain. The 
opposing functions of SypE’s enzymatic domains suggest the protein functions as both a positive 
and negative regulator of biofilm formation. Single copy expression of the RR SypE is sufficient 
to prevent V. fischeri from producing wrinkled colonies when the transcription factor SypG is 
overexpressed, despite the substantial induction of syp transcription that occurs under those 
conditions; conversely, disruption of sypE permits SypG-induced wrinkled colony formation 
(Hussa et al. 2008, Morris et al. 2011, Morris et al. 2013). Subsequent work revealed that the N-
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terminal serine kinase domain inhibited biofilm formation, while the C-terminal serine 
phosphatase domain promoted biofilm formation (Morris et al. 2011, Morris et al. 2013).  
Although it has not been confirmed experimentally, SypE is predicted to be 
phosphorylated on a specific residue within the REC domain, which controls SypE 
kinase/phosphatase activity. Phosphorylated SypE is predicted to activate the kinase domain of 
SypE, while dephosphorylation of SypE is predicted to activate the phosphatase of SypE (Morris 
et al. 2011). The current model predict that RscS senses a signal and autophosphorylates. The 
phosphoryl group is transferred to the Hpt domain of SypF and then the REC domain of SypG. 
The phosphoryl group is also transferred to the REC domain of SypE. SypE controls biofilm 
formation by managing the phosphorylation state of SypA, which is only active to promote 
biofilm formation when unphosphorylated (Fig. 8). How SypA functions remains unknown. 
 The first gene in the polysaccharide locus in V. fischeri is sypA, which encodes the 
protein SypA, a regulator of biofilm formation. SypA has a single sulfate transporter and anti-
sigma factor antagonist (STAS) domain (Morris et al. 2013, Morris et al. 2013). The first studied 
STAS domain proteins were single domain anti-sigma factor antagonists. Anti-sigma factor 
antagonist STAS domain proteins indirectly activate transcription by inactivating an inhibitor of 
transcription such as an anti-sigma factor kinase. The inactivation of the anti-sigma factor kinase 
allows sigma factors to activate transcription (Sharma et al. 2011). STAS domain proteins have 
been shown to have a variety of other functions. STAS domain proteins can also bind nucleotides 
(Sharma et al. 2011). Some interact within a multi-domain protein to sense light, oxygen, or 
other proteins (Marles-Wright et al. 2008, Babu et al. 2010, Kumar et al. 2010, Sharma et al. 
2011).  
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Many residues have been identified that are important for SypA function (Thompson et 
al. 2015). While it is known that SypE phosphorylates SypA on a conserved serine residue, 
serine 56, within a consensus sequence of SypA (Morris et al. 2013), it is unknown how SypA 
functions. SypA is required for biofilm formation and colonization by V. fischeri (Morris et al. 
2010, Morris et al. 2013). Preliminary evidence suggests that SypA does not function as a 
canonical anti-sigma factor antagonist. My investigations into the possible function of SypA can 
be found in Appendix I. 
Recently, the V. fischeri model for biofilm formation was expanded to include another 
hybrid sensor kinase, HahK (Fig. 8). HahK appears to function upstream of the Hpt domain of 
SypF to promote biofilm formation (Tischler et al. 2018). HahK is a predicted histidine kinase 
containing HisKA, HATPase, and REC domains. Interestingly, almost one third of the protein is 
not annotated in a predicted domain. HahK is encoded in an operon with HnoX, described in the 
previous section. The genetic linkage between HahK and HnoX suggests that the two might 
interact. Indeed, evidence from the literature based on other systems suggests that HahK may be 
regulated by HnoX in a NO-dependent manner (Iyer et al. 2003). 
Biofilm Matrix Components. 
 Wild-type V. fischeri does not exhibit any biofilm phenotypes unless it has been 
genetically manipulated. These phenotypes are the result of production of biofilm components 
including polysaccharides, proteins, and eDNA. The most characterized of the biofilm 
components in V. fischeri is the Syp polysaccharide (Syp-PS). The syp locus encodes 18 genes 
divided into four operons that are predicted to regulate, build, and export a polysaccharide. 
Production of Syp-PS requires syp genes as transposon insertions within the syp locus results in a 
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strains that are defective for biofilm formation and host colonization (Yip et al. 2005, Shibata et 
al. 2012). Four genes encode regulators of biofilm formation discussed in previous sections. The 
remaining fourteen genes encode putative glycosyltransferases, polysaccharide exporters, and 
other polysaccharide modifying proteins. 
 The glycosyltransferases are predicted to transfer a sugar to the growing polysaccharide 
chain. The glycosyltransferases include SypH, SypI, SypJ, SypN, SypP, which are categorized as 
family 1 proteins, and SypQ, which is categorized as a family 2 protein. SypC and SypK are 
predicted to facilitate the transport of the Syp-PS from the inside of the cell to the outside. The 
remaining Syp proteins are predicted to modify Syp-PS or regulate Syp-PS chain length. 
Specifically, SypB is predicted to regulate cellulose production. SypD and SypO both contain 
domains predicted to control Syp-PS chain length. SypL contains a lipid A core—O-antigen 
ligase domain. SypM is a predicted sugar O-acetyltransferase. SypR is a predicted transferase 
(Shibata et al. 2012). 
 More recently, three genes were identified that encode proteins that contribute to biofilm 
maturation. A triple bmpABC mutant was unable to produce wrinkled colonies on solid agar. 
Mutant colonies exhibited a cohesive phenotype, and the strain was still able to produce pellicles 
at the air-liquid interface, suggesting the Syp-PS was produced. Furthermore, an epitope-tagged 
version of BmpA could be detected in cell-free supernatants (Ray et al. 2015). The Bmp proteins 
were predicted to function in the maturation of the biofilm and promote the 3D architecture 
observed in biofilms. This work revealed a new phenotype used to assess Syp-PS production: 
cohesive colonies. 
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 Another component of the V. fischeri biofilm matrix is the outer membrane vesicle 
(OMV). OMV production is increased in strains induced for biofilm formation by RscS 
overexpression. The increase in OMV production is dependent on an intact syp locus (Shibata et 
al. 2012). OMVs may serve as delivery vesicles of signals to the host, resulting in an attenuation 
of host antibacterial responses (Altura et al. 2011). While there is a correlation between OMV 
production and biofilm formation by V. fischeri, it remains unknown how OMVs function. 
Signals for Biofilm Formation. 
 As previously described, wild-type V. fischeri does not form biofilms in vitro in the 
absence of genetic manipulation. It is hypothesized that cells are induced to form a biofilm upon 
receipt of a signal, presumably sensed by RscS, the sensor at the top of the signaling hierarchy. 
While the signal received by RscS is unknown, one biofilm-promoting signal that has been 
identified is arabinose. Strains of V. fischeri grown in the presence of 0.2% arabinose, but not 
other related sugars, formed brittle pellicles at the air-liquid interface. Enhanced biofilm 
formation was not the result of enhanced growth. Interestingly, pellicle formation was 
independent of Syp and was altered by mutations to the bcs cellulose locus (Visick et al. 2013). 
Cellulose production is controlled by the response regulator VpsR. VpsR and cellulose impact 
biofilm formation and colonization (Hussa et al. 2007, Darnell et al. 2008, Tischler et al. 2018), 
but the mechanism by which this occurs remains unknown.  
 While arabinose was identified as a signal for cellulose biofilms, more recent work has 
focused on identifying a signal for Syp biofilms. Work on the impact of salt and nutrient content 
on biofilm formation pointed to calcium ass a signal for biofilm formation: V. fischeri exhibited 
enhanced wrinkled colony formation on solid agar with the addition of low concentrations of 
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calcium (Marsden et al. 2017). Calcium has been identified as a signal that controls biofilm 
formation in many species, and control occurs through diverse mechanisms (Garrison-Schilling 
et al. 2011, Cruz et al. 2012, Park et al. 2015). Cells formed wrinkled colonies, pellicles, and 
shaking cell clumping in the presence of calcium, and these phenotypes were used to identify a 
new regulator of biofilm formation, HahK (Tischler et al. 2018). Identifying a calcium sensor 
remains an active area of research.    
Conclusions. 
 V. fischeri is a genetically tractable organism that exhibits distinct phenotypes such as 
biofilm formation, motility, and bioluminescence. These properties make V. fischeri an ideal 
organism to study. The ability to form a biofilm is of particular interest as biofilms are associated 
with health and disease. The ability of V. fischeri to colonize E. scolopes depends on the 
formation a bacterial biofilm, thus providing a natural model to study biofilm formation. Many 
models exist but very few models permit a mechanistic understanding of study biofilm formation 
in the context of a natural host. 
While many regulators of biofilm formation have been identified, the signals that 
positively and negatively regulate biofilm formation are largely unknown. The proteins that 
sense these signals and how those feed into known pathways that control biofilm formation are 
of great interest. The identification of signals and receptors will increase our understanding of a 
dynamic process that occurs not just in V. fischeri but in many bacteria. This work describes one 
such signal. 
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CHAPTER TWO  
MATERIALS AND METHODS 
Strains and Media. V. fischeri strains used in this study are listed in Table 1 and plasmids used 
are listed in Table 2. V. fischeri strains were derived by conjugation (DeLoney et al. 2002) or 
natural transformation (Pollack-Berti et al. 2010, Brooks et al. 2014). Escherichia coli GT115 
(Invivogen, San Diego, CA), π3813 (Le Roux et al. 2007), Tam1 λ pir or Tam1 (Active Motif, 
Carlsbad, CA, USA), DH5α, and S17-1λpir were used (Simon et al. 1983) for cloning and 
conjugation experiments. V. fischeri strains were cultured in Luria-Bertani salt (LBS) medium 
(Stabb et al. 2001) containing 10 g Bacto-Tryptone, 5 g yeast extract and 20 g NaCl per liter or 
N-acetylglucosamine-based minimal medium (TMM) (100 mM Tris, pH 7.5, 300 mM NaCl, 
0.1% ammonium chloride, 10 mM N-acetylglucosamine, 50 mM MgSO4, 10 mM KCl, 10 mM 
CaCl2, 0.0058% K2HPO4, 10 μM ferrous ammonium sulfate) (Visick et al. 2018). The following 
antibiotics were added to LBS or TMM medium at the indicated concentrations: 
chloramphenicol (Cm) 2.5 µg ml-1, erythromycin at 2.5 µg ml-1, and tetracycline (Tc) at 5 µg ml-
1. E. coli strains were cultured in Luria-Bertani medium (LB) (Davis et al. 1980) containing 10 g 
Bacto-Tryptone, 5 g yeast extract and 10 g NaCl per liter. The following antibiotics were added 
to LB medium at the indicated concentrations: kanamycin (Kan) at 50 µg ml-1, Tc at 15 µg ml-1, 
or ampicillin (Ap) at 100 µg ml-1. For solid medium, agar was added to a final concentration of 
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1.5%. For solid medium supplemented with calcium, calcium was added after autoclaving. For 
plates used in wrinkled colony assays, 25 ml of freshly made media was pipetted into sterile petri 
plates. Plates were allowed to dry overnight for approximately 24 hours. If plates were not used 
within 24 hours, plates were stored in sealed plastic bags at 4°C. 
Bioinformatics. Amino acid and DNA sequences were obtained from the National Center for 
Biotechnology Information (NCBI) database. Conserved protein domains and residues were 
identified using NCBI. Alignments were generated using BLAST and the Clustal Omega 
multiple-sequence alignment program from EMBL-EBI 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) (Altschul et al. 1997, Altschul et al. 2005, Larkin et 
al. 2007, Sievers et al. 2011). Protein crystal structures were analyzed using Phyre2 Investigator 
(Kelley et al. 2009). 
Molecular and Genetic Techniques. The alleles used in this study were generated, and, in some 
cases, HA epitope-tagged, by Polymerase Chain Reaction (PCR) using primers listed in Table 3 
with either EMD Millipore Novagen KOD high fidelity polymerase for reaction sequences less 
than 3 kb or Invitrogen AccuPrime high fidelity Taq polymerase for reaction sequences larger 
than 3 kb. All pARM47-based constructs and were inserted into the chromosomal Tn7 site of V. 
fischeri strains using tetraparental conjugation (McCann et al. 2003). E. coli strains described 
above were used for the purposes of cloning, plasmid maintenance, and conjugation. Derivatives 
of V. fischeri were generated via conjugation (DeLoney et al. 2002) or by natural transformation 
(Pollack-Berti et al. 2010, Brooks et al. 2014). PCR SOEing (Splicing by Overlap Extension) 
(Ho et al. 1989) reactions were performed using EMD Millipore Novagen KOD high fidelity 
polymerase, and Promega Taq was used to confirm gene replacement events. To delete genes, 
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sequences (~500 bp) upstream and downstream of the gene of interest were amplified by PCR, 
then fused with an antibiotic resistance cassette in a PCR SOEing reaction. To insert genes into 
the chromosome, a similar approach was used. Briefly, sequences homologous to the yeiR-glmS 
region of the chromosome upstream of the Tn7 site were amplified and then fused with the gene 
of interest linked to an antibiotic cassette in a PCR SOEing reaction. The final spliced PCR 
product for either deletion or insertion was introduced into tfoX-overexpressing ES114 by natural 
transformation. Recombination of the PCR product into the chromosome producing the desired 
gene replacement mutant was selected using the antibiotic resistance marker. Chromosomal 
DNA was isolated from ES114 recombinants using the DNeasy Blood & Tissue Kit (Qiagen) or 
Quick-DNA Microprep Kit (Zymogen). The mutations were confirmed by sequence analysis 
using ACGT, Inc. (Wheeling, IL).  
sypF2 Linkage Analysis. To perform the linkage analysis of sypF2, ΔsypE::Cm linked to sypF2 
and adjacent sequences of various lengths were amplified. Linkage of ΔsypE::Cm to sypF2 
occurred through the natural transformation of a ΔbinK ΔsypE sypF2 strain using chromosomal 
ΔsypE::Cm DNA resulting in ΔbinK ΔsypE::Cm sypF2 and was confirmed by sequencing. Four 
reactions were performed in the linkage analysis amplifying ΔsypE::Cm and sypF2 with 1157 as 
the forward primer and the following reverse primers: 1160, 425, 1221, and 1162. PCR 
amplification with 1157 and 1160 and 1157 and 425 was performed using EMD Millipore 
Novagen KOD high fidelity polymerase. PCR amplification with 1157 and 1221 and 1157 and 
1162 was performed using or Invitrogen AccuPrime high fidelity Taq polymerase. The final 
spliced PCR product was introduced into tfoX-overexpressing ΔbinK strain by natural 
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transformation. Recombination of the PCR product into the chromosome producing the desired 
gene replacement mutant was selected using the antibiotic resistance marker. 
Wrinkled Colony Formation Assay. To observe wrinkled colony formation, the indicated V. 
fischeri strains were streaked onto LBS agar plates. Single colonies were then cultured with 
shaking in 5 ml LBS broth overnight at 28°C. The strains were then sub-cultured the following 
day in 5 ml of fresh medium. Following growth to early log phase, the cultures were 
standardized to an optical density at 600 nm (OD600) of 0.2 using LBS. 10 µl of diluted cultures 
were spotted onto LBS agar plates and grown at 24°C. Images of the spotted cultures were 
acquired over the course of wrinkled colony formation at the indicated times using a Zeiss Stemi 
2000-C dissecting microscope and Jenoptik PROGRES GRYPHAX® series SUBRA camera. At 
the end of the time course, the colonies were disrupted with a toothpick to assess colony 
cohesiveness, which is an indicator of Syp-PS production (Ray et al. 2015). 
Pellicle Formation Assay. To assess pellicle formation, V. fischeri strains were grown overnight 
and sub-cultured with shaking as described above. Following growth to mid-log phase, the 
cultures were standardized to an optical density at 600 nm (OD600) of 0.2 in 2 ml of LBS in a 24-
well microtiter plate. Inoculated microtiter plates were sealed in a plastic bag and incubated 
statically at 24°C. Images of the microtiter wells were acquired over the course of pellicle 
formation at the indicated times using a Zeiss Stemi 2000-C dissecting microscope and Jenoptik 
PROGRES GRYPHAX® series SUBRA camera. At the end of the time course, the pellicles 
were disrupted with a toothpick to pellicle strength. 
Cell Clumping Assay. To assess cell clumping, single colonies of V. fischeri strains were 
inoculated in 2 ml LBS liquid medium with and without the addition of 10 mM calcium chloride. 
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Cultures were incubated overnight with shaking at 24°C. Images of the cultures at the indicated 
times using an iPhone 7 camera. 
Microscopic Aggregation Assay. DIC images of strains grown without calcium were assessed 
for aggregation using an Optronics MagnaFire S60800 CCD Microscope Camera attached to a 
Leica DMIRB with a Prior Lumen 200 light source. Images are at 200x magnification (20x 
objective lens and 10x eyepiece). 
NO-Generator Preparation. In biofilm assays, cells were exposed to DETA-NONOate 
(Cayman Chemical), a NO-generator with a half-life of 56 hours at 22-25°C. A stock solution of 
100 mM was prepared by reconstituting DETA-NONOate in water immediately before use. 
From the stock solution, dilutions were made as indicated into 2 ml of culture for pellicle assays 
or shaking cell clumping assays. 
Western Blot Analysis of Lysates. V. fischeri strains were cultured in LBS overnight at 24 °C. 
Cultures were standardized to the same amount using OD600 measurements, concentrated by 
centrifugation, and lysed in 500 µL 2X sample (4% SDS, 40 mM Tris pH 6.3, 10% glycerol) 
buffer. Samples were resolved on either 10 or 15% SDS-PAGE gels (10% 29:1 acrylamide: N, 
N’-methylene-bis-acrylamide, 375 mM Tris pH 8.6, 0.1% SDS), and transferred to PVDF 
membranes. Proteins were detected by western blot analysis using rabbit anti-HA antibody 
(Sigma-Aldrich, St. Louis, MO) followed by a secondary, goat anti-rabbit IgG antibody (Sigma-
Aldrich, St. Louis, MO) conjugated to horseradish peroxidase (HRP), and visualized using 
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fischer Scientific, Rockford, IL). 
Transcription Assays Using a GFP Reporter. V. fischeri carrying a plasmid based PsypA-GFP 
reporter were cultured overnight in duplicate in an N-acetylglucosamine-based minimal medium. 
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The next day, strains were sub-cultured the strain into fresh medium to an OD600=0.05 and 
grown at 24°C. After three hours of incubation, half the cultures were exposed to 500 μM 
DPTA-NONOate (Cayman Chemical), which has a half-life of five hours at 22-25°C. The other 
half of cultures were not exposed to DPTA-NONOate. The levels of syp transcription were 
measured over time using fluorescence (arbitrary units) per cell (per optical density (OD600)) as 
a read-out for transcription using a Synergy H1 microplate reader (BioTek). I normalized the 
transcription induction at PsypA-GFP to the transcription induction in a biofilm-deficient strain 
(set to 1) at every time point. The assay was performed at least three independent times. 
β-Galactosidase Assay. Strains carrying a lacZ reporter fusion to the sypA promoter were grown 
in triplicate at 24°C in LBS medium. Strains were sub-cultured into 20 ml of fresh medium in 
125 ml baffled flasks, and the OD600 was measured and samples (1 ml) were collected after 22 h 
of growth. Cells were resuspended in Z-buffer and lysed with chloroform. The β-galactosidase 
activity of each sample was assayed as described (Miller 1972). The assay was performed at least 
three independent times.  
  
61 
 
 
Table 1. Strains Used in This Study. 
Strain Genotype Source or Reference 
ES114 Wild-type (Boettcher et al. 1990) 
KV1787 sypG (Hussa et al. 2007) 
KV3246 attTn7::PsypA-lacZ (22 bp forward; ErmR) (Morris et al. 2013) 
KV3299 sypE (Hussa et al. 2008) 
KV4366 IG (glpR-rscS)::Tn5 (Cm) (Marsden et al. 2017) 
KV4716 sypA sypE sypF2 (Morris et al. 2013) 
KV4925 sypA attTn7::PsypA-lacZ (22 bp forward; ErmR) (Marsden et al. 2017) 
KV5068 sypI (Shibata et al. 2012) 
KV5069 sypL (Shibata et al. 2012) 
KV5097 sypK (Shibata et al. 2012) 
KV5099 sypQ (Shibata et al. 2012) 
KV5144 sypA2 This study 
KV5145 sypB (Shibata et al. 2012) 
KV5194 sypM (Shibata et al. 2012) 
KV5195 sypR (Shibata et al. 2012) 
KV5204 sypE sypF2 attTn7::sypE-CTD (Morris et al. 2011) 
KV5479 ΔsypA attTn7::Plac-sypA (Morris et al. 2013) 
KV5480 ΔsypA attTn7::Plac-sypA-S56D (Morris et al. 2013) 
KV5481 ΔsypA attTn7::Plac-sypA-S56A (Morris et al. 2013) 
KV6392 ΔsypA ΔsypE sypF2 attTn7::ermR (Morris et al. 2013) 
KV6393 ΔsypA ΔsypE sypF2 attTn7::sypA (Morris et al. 2013) 
KV6439 sypE-F This study 
KV6576 IG (yeiR-glmS)::lacIq (Ondrey et al. 2014) 
KV6782 sypE This study 
KV6897 ΔbmpA ΔbmpB ΔbmpC (Ray et al. 2015) 
KV7309 ΔsypA attTn7::rbdA (Thompson et al. 2015) 
KV7310 ΔsypA ΔsypE sypF2 attTn7::rbdA (Thompson et al. 2015) 
KV7828 ΔsypE sypF2 attTn7::aspE-NTD This study 
KV7829 ΔsypE sypF2 attTn7::aspE-CTD This study 
KV7830 ΔsypA attTn7::aspA This study 
KV7831 ΔsypA ΔsypE sypF2 attTn7::aspA This study 
KV7848 ΔsypA ΔsypE sypF2 attTn7::rbdA-sypA This study 
KV7851 ΔsypA attTn7::rbdA-sypA This study 
KV7856 binK sypE sypF2 This study 
KV7858 binK ΔsypA sypE sypF2 This study 
KV7860 binK (Tischler et al. 2018) 
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KV7861 ΔbinK ΔrscS (Tischler et al. 2018) 
KV7862 ΔbinK ΔsypF (Tischler et al. 2018) 
KV7867 ΔsypA attTn7::sypA-rbdA This study 
KV7868 ΔsypA ΔsypE sypF2 attTn7::sypA-rbdA This study 
KV7872 ΔbinK ΔsypF attTn7::sypF-H250Q-D549A-FLAG This study 
KV7875 ΔbinK ΔsypF attTn7::sypF-H250Q-FLAG (Tischler et al. 2018) 
KV7877 ΔbinK ΔsypF attTn7::sypF-Hpt-FLAG (Tischler et al. 2018) 
KV7878 ΔbinK ΔsypF attTn7::sypF-FLAG (Tischler et al. 2018) 
KV7879 ΔbinK ΔsypF attTn7::sypF-D549A-FLAG (Tischler et al. 2018) 
KV7895 ΔbinK ΔsypE sypF2 attTn7::Plac-sypE This study 
KV7896 ΔbinK ΔsypE sypF2 attTn7::Plac-sypE-CTD This study 
KV7898 ΔbinK ΔsypE sypF2 attTn7::Plac-sypE-NTD This study 
KV7903 ΔbinK ΔsypA ΔsypE sypF2 attTn7::Plac-sypA This study 
KV7904 ΔbinK ΔsypA ΔsypE sypF2 attTn7::Plac-sypA-S56D This study 
KV7905 ΔbinK ΔsypA ΔsypE sypF2 attTn7::Plac-sypA-S56A This study 
KV7906 ΔbinK ΔsypK (Tischler et al. 2018) 
KV7908 ΔbinK ΔbcsA (Tischler et al. 2018) 
KV7909 ΔbinK ΔsypQ This study 
KV7933 ΔbinK ΔsypG (Tischler et al. 2018) 
KV7952 ΔsypE sypF2 ΔhahK::Erm This study 
KV7953 ΔsypE sypF2 ΔVF_2379::Erm This study 
KV7954 ΔsypE sypF2 ΔVF_1296::Erm This study 
KV7956 ΔbinK ΔsypE sypF2 ΔhahK::Erm This study 
KV7957 ΔbinK ΔsypE sypF2 ΔVF_2379::Erm This study 
KV7958 ΔbinK ΔsypE sypF2 ΔVF_1296::Erm This study 
KV7959 ΔbinK ΔsypE sypF2 ΔVF_1053::Erm This study 
KV7964 ΔhahK::Cm This study 
KV7965 ΔVF_2379::Cm This study 
KV7966 ΔVF_1296::Cm This study 
KV7967 ΔbinK ΔhahK::Cm This study 
KV7968 ΔbinK ΔsypE sypF2 ΔhahK::Cm This study 
KV7969 ΔbinK ΔsypF ΔhahK::Cm This study 
KV7971 ΔbinK ΔsypE sypF2 ΔVF_2379::Cm This study 
KV7974 ΔbinK ΔsypE sypF2 ΔVF_1296::Cm This study 
KV8025 hnoX::FRT-Erm This study 
KV8027 ΔsypE sypF2 ΔhnoX::FRT-EmR This study 
KV8032 binK sypE sypF2 hnoX::FRT-Erm This study 
KV8047 ΔbinK ΔsypE sypF2 ΔhahK::Cm attTn7::Plac-hahK This study 
KV8055 binK sypE-F This study 
KV8058 
ΔbinK ΔsypE sypF2 ΔhahK::Cm attTn7::PhnoX-
hnoX-hahK 
This study 
KV8065 KB2B1 This study 
63 
 
 
KV8066 MB13B2 
(Koehler et al. 2018, 
submitted) 
KV8069 sypQ::FRT-Cm (Tischler et al. 2018) 
KV8085 binK sypE-F attTn7::sypF-FLAG This study 
KV8086 binK sypE-F attTn7::sypF-Hpt-FLAG This study 
KV8087 binK sypE-F attTn7::sypF-H705Q-FLAG This study 
KV8088 binK sypE-F attTn7::sypF-D549A-FLAG This study 
KV8089 binK sypE-F attTn7::sypF-H250Q-D549A-FLAG This study 
KV8122  ΔsypQ::FRT-Cm This study 
KV8124 binK::Cm This study 
KV8135 IG (yeiR-glmS)::PhnoX-hnoX-HA This study 
KV8136 IG (yeiR-glmS)::PhnoX-hnoX-P115A-HA This study 
KV8137 IG (yeiR-glmS)::PhnoX-hnoX-P114-HA This study 
KV8138 IG (yeiR-glmS)::PhnoX-hnoX-Y131L-HA This study 
KV8150 binK sypE sypF2 hnoX::FRT This study 
KV8151 sypE::Cm This study 
KV8175 
binK sypE sypF2 hnoX::FRT IG (yeiR-
glmS)::PhnoX-hnoX-HA 
This study 
KV8176 
binK sypE sypF2 hnoX::FRT IG (yeiR-
glmS)::PhnoX-hnoX-P115A-HA 
This study 
KV8177 
binK sypE sypF2 hnoX::FRT IG (yeiR-
glmS)::PhnoX-hnoX-P114-HA 
This study 
KV8178 
binK sypE sypF2 hnoX::FRT IG (yeiR-
glmS)::PhnoX-hnoX-Y131L-HA 
This study 
KV8195 MB13B2 ΔsypQ::FRT-Erm 
(Koehler et al. 2018, 
submitted) 
KV8232 IG (yeiR-glmS)::Erm-trunc-Trim (Visick et al. 2018) 
KV8237 IG (yeiR-glmS)::PnrdRhahK This study 
KV8238 IG(yeiR-glmS)::FRT-EmR-hahK-H222Q-HA This study 
KV8239 
ΔbinK ΔsypE sypF2 ΔhahK::Cm IG (yeiR-
glmS)::PnrdR-hahK 
This study 
KV8250 IG(yeiR-glmS)::FRT-EmR-hahK-D506A-HA This study 
KV8265 binK sypE::Cm sypF2 This study 
KV8297 ΔhahK::Trim IG (yeiR-glmS)::lacIq This study 
KV8310 binK hnoX::FRT This study 
KV8323 ΔbinK ΔsypF ΔhahK::Trim attTn7::sypF-Hpt-FLAG (Tischler et al. 2018) 
KV8324 ΔbinK ΔsypF ΔhahK::Trim attTn7::sypF-FLAG (Tischler et al. 2018) 
KV8329 MB13B2 ΔrscS 
(Koehler et al. 2018, 
submitted) 
KV8389 binK::Cm sypE sypF2 This study 
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KV8390 binK::Cm sypE This study 
KV8391 binK sypE::Cm This study 
KV8404 binK sypE sypF2 attTn7::sypF-FLAG This study 
KV8405 binK sypE sypF2 attTn7::sypF-Hpt-FLAG This study 
KV8406 binK sypE-F attTn7::sypF-H250Q-FLAG This study 
KV8484 hnoX-hahK::FRT-Erm This study 
KV8485 binK sypE sypF2 hnoX-hahK::FRT-Erm This study 
KV8486 
binK sypE sypF2 hnoX-hahK::FRT 
attTn7::hnoX-hahK 
This study 
KV8487 
binK sypE sypF2 IG (yeiR-glmS)::PhnoX-hnoX-
P114A-HA 
This study 
KV8488 
binK hnoX::FRT IG (yeiR-glmS)::PhnoX-hnoX-
P114A-HA 
This study 
KV8489 
binK hnoX::FRT IG (yeiR-glmS)::PhnoX-hnoX-
HA 
This study 
KV8490 hnoX::FRT (yeiR-glmS)::PhnoX-hnoX-HA This study 
KV8491 
hnoX::FRT IG (yeiR-glmS)::PhnoX-hnoX-P114A-
HA 
This study 
KV8492 
binK sypE sypF2 IG (yeiR-glmS)::PhnoX-hnoX-
HA 
This study 
KV8493 binK sypE sypF2 hnoX-hahK::FRT  This study 
KV8494 
binK sypE sypF2 hnoX-hahK::FRT IG (yeiR-
glmS)::PhnoX-hnoX-HA 
This study 
KV8500 
binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::P-
nrdR-hahK-HA 
This study 
KV8501 
binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::P-
nrdR-hahK-H506A-HA 
This study 
KV8502 
binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::P-
nrdR-hahK-H222Q-HA 
This study 
KV8503 
binK sypE sypF2 hnoX-hahK::FRT IG (yeiR-
glmS)::PnrdR-hahK-D506A-HA 
This study 
KV8504 
binK sypE sypF2 hnoX-hahK::FRT IG (yeiR-
glmS)::PnrdR-hahK-H222Q-HA 
This study 
KV8505 
binK sypE sypF2 hnoX::FRT IG (yeiR-
glmS)::PhnoX-hnoX-H102G-HA #1 
This study 
KV8506 
binK sypE sypF2 hnoX::FRT IG (yeiR-
glmS)::PhnoX-hnoX-H102G-HA #2 
This study 
KV8507 
binK sypE sypF2 hnoX-hahK::FRT IG (yeiR-
glmS)::PnrdR-hahK-HA 
This study 
KV8508 binK sypE sypF2 Δ1-200N-term-hahK-HA This study 
KV8509 binK sypE sypF2 Δ1-200N-term-hahK-HA This study 
65 
 
 
KV8510 binK sypE sypF2 Δ1-100N-term-hahK-HA This study 
KV8511 binK sypE sypF2 Δ1-100N-term-hahK-HA This study 
KV8512 binK::FRT sypE3 This study 
KV8543 binK sypA sypE sypF2 attTn7::birA*-sypA #1 This study 
KV8544 binK sypA sypE sypF2 attTn7::birA*-sypA #2 This study 
KV8545 binK sypA sypE sypF2 attTn7::sypA-birA* This study 
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Table 2. Plasmids Used in This Study. 
Plasmid Description1 Source or Reference 
pANN17 
Derivative of pKV363 
containing 3.8 kb sequences 
flanking sypE sypF 
(Norsworthy et al. 2015) 
pANN20 
pARM47 containing Plac- 
sypF-FLAG 
(Norsworthy et al. 2015) 
pANN21 
pARM47 containing Plac-
sypF-D549A-FLAG 
(Norsworthy et al. 2015) 
pANN24 
pARM47 containing Plac-
sypF-H250Q-FLAG 
(Norsworthy et al. 2015) 
pANN31 
Derivative of pJet containing 
2 kb fragment amplified with 
1219 and 519 
(Norsworthy et al. 2015) 
pANN32 
Derivative of pKV363 
containing 2.1 kb fragment 
cut with XbaI and XhoI from 
pANN31 
(Norsworthy et al. 2015) 
pANN40 
Derivative of pANN32 
containing 2 kb fragment 
amplified with 1220 and 684 
(Norsworthy et al. 2015) 
pANN45 
pARM47 containing Plac-
sypF-H705Q-FLAG 
(Norsworthy et al. 2015) 
pANN50 
pARM47 containing Plac-
sypF-Hpt-FLAG 
(Norsworthy et al. 2015) 
pANN65 
pARM47 containing Plac-
sypF-H250Q-D549A-FLAG 
(Norsworthy et al. 2015) 
pARM9 
Derivative of pVSV105 
containing sypG 
(Morris et al. 2013) 
pARM7 
Derivative of pKG11 
containing rscS, TetR 
(Morris et al. 2011) 
pARM13 
Derivative of pJLE4 
containing sypA, TetR 
(Morris et al. 2013) 
pARM47 
Derivative of Tn7 delivery 
plasmid pEVS107, containing 
sypE, ErmR KanR 
(Morris et al. 2011) 
pARM131 
Derivative of pEVS107 
containing sypA from 
pARM13 
(Morris et al. 2013) 
pCLD46 
Derivative of pVSV105 
containing rscS 
(Hussa et al. 2008) 
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pCLD56 
Derivative of a low copy 
vector pKV282 that contains 
sypG 
(Morris et al. 2013) 
pCMT32 
Derivative of pJet containing 
yeiR-FRT-ErmR-PnrdR 
This study 
pCMT33 
Derivative of pJet containing 
yeiR-FRT-ErmR-PnrdR-hahK-
N-term 
This study 
pCMT34 pJET + hnoX-P114A-HA This study 
pCMT35 
Derivative of pUC57 
containing sypA-birA* 
This study 
pCMT36 
Derivative of pUC57 
containing birA*-sypA 
This study 
pCMT37 
Derivative of pARM47 
containing birA*-sypA #1 
This study 
pCMT38 
Derivative of pARM47 
containing birA*-sypA #2 
This study 
pCMT39 
Derivative of pARM47 
containing sypA-birA* 
This study 
pCMT40 
Derivative of pJET containing 
sypA for crystalization 
This study 
pEVS104 Conjugal plasmid (Stabb et al. 2002) 
pEVS107 
Tn7 delivery plasmid, ErmR 
KanR 
(McCann et al. 2003) 
pEVS170 Vector containing EmR, KmR (Lyell et al. 2008) 
pJET 
Commercial cloning vector, 
ApR 
Thermofisher 
pJLE4 
Derivative of pKV69 
containing sypA 
(Morris et al. 2013) 
pKG11 
Derivative of pKV69 
containing rscS 
(Yip et al. 2006) 
pKV69 Vector, CmR, TetR (Visick et al. 2001) 
pKV282 Low copy vector, TetR (Morris et al. 2011) 
pKV363 Suicide plasmid (Visick et al. 2001) 
pKV494 
Derivative of pJet containing 
ErmR 
(Visick et al. 2018) 
pKV495 
Derivative of pKV494 
containing CmR 
(Visick et al. 2018) 
pKV496 
Derivative of pEVS79 
containing flp, KnR 
(Visick et al. 2018) 
pKV497 
Derivative of pARM47 
containing hahK 
K. Visick 
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pKV502 
Derivative of pJet containing 
yeiR-FRT-ErmR 
(Visick et al. 2018) 
pKV503 
Derivative of pJet containing 
glmS 
(Visick et al. 2018) 
pKV505 
Derivative of pJet containing 
HA-glmS 
(Visick et al. 2018) 
pKV506 
Derivative of pJet containing 
yeiR-FRT-ErmR-PnrdR 
(Visick et al. 2018) 
pKV522 pJET + hahK-HA K. Visick 
pKV523 pJET + hahK-H222Q-HA K. Visick 
pKV524 pJET + hahK-D506A-HA K. Visick 
pKV525 pJET + hnoX-P115A-HA K. Visick 
pLL2 
Derivative of pKV363 with 
sequences flanking binK 
(Tischler et al. 2018) 
pLL3 
Derivative of pVSV209 
containing PsypA 
L. Lie 
pLL8 
Derivative of pEVS107 
containing hnoX-hahK 
L. Lie 
pLL9 
Derivative of pKV69 
containing hnoX 
L. Lie 
pLosTfoX Expresses TfoX, CmR (Pollack-Berti et al. 2010) 
pLostfoX-Kan (dh5) Expresses TfoX, KanR (Brooks et al. 2014) 
pMLC2 
Derivative of pKV495 
containing TrimR 
(Visick et al. 2018) 
pMKF15 
Derivative of pKV282 
containing sypQ-Flag 
(Koehler et al. 2018, 
submitted) 
pUX-BF13 Transposase expressing vector (Bao et al. 1991) 
pVAR40-mut 
Randomly mutated pVAR40 
containing sypK 
V. Ray 
pVSV102 Constitutive GFP reporter (Dunn et al. 2006) 
pVSV105 Vector, CmR (Dunn et al. 2006) 
pVSV209 Promoterless GFP vector (Dunn et al. 2006) 
1Details on construction are included for plasmids generated in this study; ES114 was used as a 
template for PCR reactions. 
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Table 3. Oligonucleotides Used in This Study. 
Primer Gene/Promoter Sequence (5’ -3’) 
425 orf 1025 R AGGGGTTCGTATTTCGTGACTC 
460 VFA1022infF GCCTTGATAGGAGCATTATAATG 
1157 sypC-SOE-F CATACTAAGTGCGGCCGCCTAGCCTTGAT
AGGA GCATTATAATGAG 
1160 sypF-SOE-R TAGGCGGCCGCACTTAGTATGGATGCAC
TGAATAATTGAGATACC 
1162 sypH-SOE-R TAGGCGGCCGCACTTAGTATGTCCAAAA
TTACGGCTATCAAGCAG 
1221 sypG-SOE-R TAGGCGGCCGCACTTAGTATGGTCTTCGA
CTAATAATACTTTCTG 
1268 P1 VFA0360 GGAGCCAACAGCAAGACTTA 
1271 P4 VFA0360 TGCCACCGTTTCTCGTGTAG 
1487 VF2372 R GGTCGTGGGGAGTTTTATCC 
1953 sypQ-N-FLAG Gib GCCTGCAGGTCGACTCTAGAGAAGGAGC
AAATCTATGGATTATAAA 
1954 sypQ-N-FLAG GATTATAAAGATGATGATGATAAAAATC
TTTTTCTTATCATCATCAC 
1955 sypQ-FLAG-AA36 F GATTATAAAGATGATGATGATAAAAAAG
CAATAAAGCCAACCTGTAG 
1956 sypQ-FLAG-AA36 R TTTATCATCATCATCTTTATAATCTATTGG
GTGACGAGAAGCAAAC 
1957 sypQ-FLAG-AA123 F GATTATAAAGATGATGATGATAAATTTG
AACATAATCGAGGAAAAGTG 
1958 sypQ-FLAG-AA123 R TTTATCATCATCATCTTTATAATCATCTA
AAATTTCAAAGTGGGTATC 
1959 sypQ-FLAG-AA228 F GATTATAAAGATGATGATGATAAATCAG
ATACCATTAATGATGACTTTA 
1960 sypQ-FLAG-AA228 R TTTATCATCATCATCTTTATAATCCTCTAG
ATGAATAAATAGCTCGG 
1961 sypQ-FLAG-AA292 F GATTATAAAGATGATGATGATAAATACA
AAGGAACAGCATTTACCTTT 
1962 sypQ-FLAG-AA292 R TTTATCATCATCATCTTTATAATCTTTAGG
GTTAAACAAGGTAACTAG 
1963 sypQ Gib F GCCTGCAGGTCGACTCTAGAGAAGGAGC
AAATCTATGAATC 
1964 sypQ Gib R TATAGGGCGAATTCGAGCTCTTATTTTTG
AACTCGAGTCCACG 
2009 PsypA-gfp-AvrII-F CATACTAAGTGCGGCCGCCTACCGTTGG
ATTTTTAATATTATG 
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2010 PsypA-gfp-SalI-R 
 
TCCTAGCTAGGCCTGTCGACTAGGGAAT
AATCCTCGTTGTTTC 
2049 SypQ-HA 83F TATCCATATGATGTTCCAGATTATGCATA
TCCATCATCAAAATTAAAAATT 
2050 SypQ-HA 83R TGCATAATCTGGAACATCATATGGATAAT
CTAAACAAGATAAATTGCG 
2051 SypQ-HA 171F TATCCATATGATGTTCCAGATTATGCAAA
AAATGTTGGTGTTGTAAATC 
2052 SypQ-HA 171R TGCATAATCTGGAACATCATATGGATAGT
TCTCGAAATGTTTAGCTG 
2053 SypQ-HA 253F TCCATATGATGTTCCAGATTATGCAAGCA
TTCTAGCAGTAGAACT 
2054 SypQ-HA 253R TGCATAATCTGGAACATCATATGGATATG
GGTCGTATACTGCTTGA 
2055 SypQ-HA 356F TATCCATATGATGTTCCAGATTATGCAAA
TAAATATTGTCAGATCCTTG 
2056 SypQ-HA 356R TGCATAATCTGGAACATCATATGGATATG
AAAATAATGCAGGTAAGAATA 
2057 VFA0072-F1 CCTTATCTGTACGAGTATTGG 
2058 VFA0072-R1 ATCAACATCCATTTATCCCGC 
2059 VF0072-ermR-F GCGGGATAAATGGATGTTGATTTGTAAA
ACGACGGCCAGTG 
2060 VF0072-ermR-R ACCCCAAAGCTTTAACATTGCCAGGAAA
CAGCTATGACCATG 
2061 VFA0072-F2 GCAATGTTAAAGCTTTGGGGT 
2062 VFA0072-R2 ATTCATCTTAACTGCGATCGC 
2067 VF2379-F2 GCTGTGTTGAACCGTCATGT 
2089 Frt-F CCATACTTAGTGCGGCCGCCTA 
2090 Frt-R CCATGGCCTTCTAGGCCTATCC 
2103 VFA0072-L1-R1 TAGGCGGCCGCACTAAGTATGGATCAAC
ATCCATTTATCCCGC 
2104 VFA0072-L2-F2 GGATAGGCCTAGAAGGCCATGGGCAATG
TTAAAGCTTTGGGGT 
2105 VF2379-revised-F1 GGTAGTCATGCAGCGTATTAC 
2106 VF2379-L1-R1 TAGGCGGCCGCACTAAGTATGGGGCACC
ACAATCCATCCTTG 
2107 VF2379-L2-F2 GGATAGGCCTAGAAGGCCATGGGCTGTG
TTGAACCGTCATGT 
2108 VF1296-F1 ATGTCTCTGGCATAGCTACG 
2109 VF1296-L1-R1 TAGGCGGCCGCACTAAGTATGGATGAAG
TTGGGCTTCACGTTC 
2110 VF1296-L2-F2 GGATAGGCCTAGAAGGCCATGGTAAGTA
ACTTAGCTTGTAAGAATG 
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2111 VF1296-R2 CAGTGATTCATGGAAGTCCC 
2152 VFA0072-SphI-F GCATGCCGATTAAGGCGGGATAAATG 
2153 VFA0072-ApaI-R GGGCCCCCTCGCAATATTGTGAGGC 
2154 VFA0071-72-SpeI-F ACTAGTTAATTATGGAAGCGAGTGCAG 
2155 ΔhnoX-up-F1 ATCTCTTGAGCACTTGTTTGAG 
2156 ΔhnoX-up-L1-R1 TAGGCGGCCGCACTAAGTATGGAATAAT
CCCTTTCATAAACACTCC 
2157 ΔhnoX-down-L2-F2 GGATAGGCCTAGAAGGCCATGGAAATCA
TAAACGATTAAGGCGGG 
2158 ΔhnoX-down-R2 TCGCGCCACATTGTATTTGG 
2176 VFA0072 H222Q F TGATAAACCAGGAATTAAGAACACCATT
AAATG 
2177 VFA0072 H222Q R TTCTTAATTCCTGGTTTATCATCGCAACG
AAG 
2178 VFA0072 D506A F GTTTTAATGGCTTGTCGAATGCCGATTCT
TG 
2179 VFA0072 D506A R CATTCGACAAGCCATTAAAACAATATCA
A 
2180 VFA0072 HA tag R TTATGCATAATCTGGAACATCATATGGAT
ATACATACTTAGAACCCCAAAGCTTTAAC 
2185 Upstream-F1 CTTGATTTATACAGCGAAGGAG 
2194 yeiR-hnoX-F2 GGATAGGCCTAGAAGGCCATGGCCTTAT
CTGTACGAGTATTGG 
2195 yeiR-hnoX-R2 TAGGCGGCCGCACTAAGTATGGATCAAC
ATCCATTTATCCCGC 
2196 L-Downstream-glmS-F TCCATACTTAGTGCGGCCGCCTA 
2201 72-comp-F GGATAGGCCTAGAAGGCCATGGCGATTA
AGGCGGGATAAATG 
2202 72-comp-HA-R TAGGCGGCCGCACTAAGTATGGATTATG
CATAATCTGGAACATCATATGG 
2207 L1-hnoX-P-F GGATAGGCCTAGAAGGCCATGGTAATTA
TGGAAGCGAGTGCAG 
2208 L2-hnoX-HA-R TAGGCGGCCGCACTAAGTATGGATGATT
TAGTTAAGGTAAAACGAAC  
2209 HnoX P115A F  AGCGAACCCTGCGCGTTTTAAGTTTATAT
C 
2210 HnoX P115A R  TTAAAACGCGCAGGGTTCGCTTCAGCGT
ATAAC 
2211 HnoX H102G F  AAGCTACATTGGCTTAGAAGTGAAGAAG
TTATAC 
2213 HnoX Y131L F  GTAATGGATTTAATCTCTGCTCGTTGTTT
CTC 
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2214 HnoX Y131L R  GAGCAGAGATTAAATCCATTACCATTTCG
GTC 
2263 ΔsypE-Up-R TAGGCGGCCGCACTAAGTATGGATTCAT
GATTACACCACTGTTG 
2264 ΔsypE-Down-F GGATAGGCCTAGAAGGCCATGGCCCAAT
GACGATGCATTATTGC 
2290 ErmR-Recomb-F      AAGAAACCGATACCGTTTACG 
2292 Trun-ErmR-R (Plus 
linker) 
GCTGATGCTTACCGTTAATTAATTAGGCG
TGTTTCATTGCTTGATG 
2293 Trun-ErmR-TrimR-F CATCAAGCAATGAAACACGCCTAATTAA
TTAACGGTAAGCATCAGC 
2294 TrimR-L-R (plus linker) TAGGCGGCCGCACTAAGTATGG 
CGAATCCGTTGCTGCCAC 
2302 HnoX P114A F CTGAAGCGAACGCTCCGCGTTTTAAGTTT
ATA 
2303 HnoX P114A R AAACGCGGAGCGTTCGCTTCAGCGTATA
ACT 
2334 VFA0072 trunc D1-
100aa F 
AAGGCGGGATAAATGCAATCCGTGTGTT
TGTCTT 
2335 VFA0072 trunc D1-
200aa F 
AAGGCGGGATAAATGAAAGAGAAAAGA
GCAG 
2336 VFA0072 trunc HA 
ApaI R 
GGGCCCTTATGCATAATCTGGAACATCAT
ATGGATAAAGGGTTTTATCAAGTAAATA
T 
2337 2334 R DVFA0072 GATTGCATTTATCCCGCCTTAATCGTTTA
TGATTTAGTTAAGG 
2338 2335 R DVFA0072 TCTTTCATTTATCCCGCCTTAATCGTTTAT
GATTTAGTTAAGG 
2347 SypF2 R TAGGCGGCCGCACTAAGTATGGATTTTG
AGAAACCTTGTTTATTTC 
2348 SypF2 HA R TAGGCGGCCGCACTAAGTATGGATTATG
CATAATCTGGAACATCATATGGATATTTT
GAGAAACCTTGTTTATTTC 
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CHAPTER THREE  
EXPERIMENTAL RESULTS 
Characterization of ΔbinK Phenotypes and the Role of Syp Regulators in 
Wrinkled Colony Formation in the Absence of BinK  
Introduction. 
In V. fischeri, an atypical TCS positively and negatively controls biofilm formation by 
dictating the production of the symbiosis polysaccharide (Syp) (Fig. 8). Mutants defective for 
TCS regulators exhibit defective or accelerated biofilm formation in culture, and, 
correspondingly, achieve worse or better colonization outcomes during symbiotic colonization 
(Yip et al. 2005, Yip et al. 2006, Norsworthy et al. 2015). Recently, HahK was identified as a 
TCS regulator positively controlling Syp-dependent biofilm formation (Tischler et al. 2018). 
HahK is encoded downstream of the gene for HnoX, a previously identified NO sensor involved 
in symbiotic colonization. When hnoX was deleted from strain, the hnoX mutant outcompeted 
wild-type cells for colonization initiation (Wang et al. 2010), suggesting HnoX is a negative 
regulator of colonization. It is unknown how HnoX exerts its effect. The literature predicts that 
HnoX inhibits the activity of HahK (Iyer et al. 2003). Thus, HnoX may inhibit biofilm formation 
by inhibiting HahK activity.  
Until recently, investigations of Syp-dependent biofilm formation depended on the 
overproduction of positive regulators (e.g., by overexpression of rscS or sypG). However,
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overexpression approaches failed to permit the identification of HahK as an important regulator 
of biofilm formation (Tischler et al. 2018). Thus, the experimental goal in this first section was 
to identify a genetic background to study the impact of hnoX on biofilm formation. BinK has 
previously been described as a negative regulator of biofilm formation (Brooks et al. 2016, 
Pankey et al. 2017). A binK mutant exhibited a colonization advantage over wild-type cells and 
overexpression of binK inhibited biofilm formation and colonization. Evidence suggested BinK 
inhibits biofilm formation at the level of syp transcription (Brooks et al. 2016). Our lab has 
recently reported that a binK mutation is sufficient to promote biofilms in response to calcium 
(Tischler et al. 2018). However, a binK mutant, while able to form biofilms in liquid culture in 
response to calcium (10 mM), formed abnormal wrinkled colonies with divots when grown on 
plates supplemented with the same calcium concentration, making this background a poor choice 
for evaluating the role of hnoX or other putative biofilm genes.  
Given the technical complexities of using overexpression to induce biofilm formation 
(e.g. growth in the presence of antibiotics, altered wrinkled colony formation due to poor growth 
on solid agar containing antibiotics), I wondered (1) whether I could find conditions (e.g., a 
specific concentration of calcium) that permitted the ΔbinK mutant to form wrinkled colonies 
without divots and (2) if known Syp regulators were required for wrinkling by the binK mutant, 
in the presence or absence of calcium. Optimizing biofilm conditions for a binK mutant could 
permit the use of a strain with a simple genetic background to assess the phenotypes of an hnoX 
mutant. The studies in this section are designed to answer those two questions. 
Optimal Conditions for Evaluating Biofilm Formation by the binK Mutant. 
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Because high concentrations of calcium are known to inhibit wrinkled colony formation 
(Marsden et al. 2017), I wondered if there was an optimal calcium concentration that would 
promote normal wrinkling (without divots) by the binK mutant. To assess if any concentration of 
calcium could induce normal wrinkled colony formation by the ΔbinK mutant on solid agar, I 
made fresh plates with increasing concentrations of calcium added to the medium, allowing the 
plates to dry approximately 24 hours, and I assessed wrinkled colony formation, comparing the 
wrinkling of the ΔbinK strain to KV7856 (ΔbinK ΔsypE sypF2); KV7856 wrinkles on solid 
medium without calcium (and will be described in more detail in the next results section). I 
found that the binK mutant produced wrinkled colonies without divots when grown on rich 
medium supplemented with as little as 2.5 mM calcium. The earliest wrinkling for the binK 
mutant occurred between 24 and 48 hours on plates supplemented with 5 mM calcium. The binK 
mutant formed normal wrinkled colonies without divots on plates supplemented with 10 mM 
calcium. Wrinkling was inhibited and formed after almost 48 hours of incubation. Wrinkling of 
KV7856 (ΔbinK ΔsypE sypF2) was also inhibited by the presence of calcium at concentrations 
of 10 mM or higher (Fig. 9). These results suggest that low calcium concentrations can induce 
biofilm formation in the binK mutant on solid agar medium, while high concentrations of 
calcium (>10 mM) can diminish wrinkling and promote divoting. This is not the first time such a 
phenotype has been reported. Previously, 10 mM calcium inhibited wrinkled colony formation 
by a biofilm-competent strain, causing it to form colonies with a flat surface containing cracks 
(Marsden et al. 2017).  
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Figure 9. Optimal Calcium Concentration that Promotes Wrinkled Colony Formation on 
Solid Medium. Strains were cultured to log phase, standardized, and spotted onto LBS agar 
plates containing increasing concentrations of calcium and incubated at 24°C. Development of 
wrinkled colony morphology by ΔbinK (KV7860) compared to KV7856 was assessed at the 
indicated times. 
 
Given that the binK mutant exhibited normal, albeit delayed, wrinkled colony 
development on plates supplemented with 10 mM calcium that had been allowed to dry for only  
one day, I assessed whether the age of plates, or the dryness of plates, impacted wrinkled colony 
formation. I made fresh plates and allowed them to dry on the lab bench for 24-hour intervals. 
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After 24 hours, I sealed plates in storage bags and stored them in the fridgerator until use. In 
wrinkled colony assays, I found colonies of the binK mutant exhibited less wrinkling and more 
divots on plates that were allowed to sit out drying for longer than 24 hours (Fig. 10). These 
results suggested that the previously observed abnormal wrinkling exhibited by the binK mutant 
could be attributed to the dryness of the plate.  
Wrinkled colony formation is influenced by environmental conditions including 
temperature (Ray et al. 2012). Previous wrinkled colony assays have been carried out at either 
22-24°C or 28°C. I assessed if temperature had an impact on wrinkled colony formation by the 
binK mutant. I found that the binK mutant produced normal wrinkled colonies on solid medium 
in the presence of calcium at either 24°C or 28°C. In the absence of calcium, the binK mutant 
produced slight colony architecture at 24°C. At 28°C, the binK mutant remained smooth (Fig. 
11). Given the ability of the binK mutant to promote slight colony architecture at 24°C in the 
absence of calcium, I assessed biofilm formation at 24°C for the majority of my experiments. 
Given the different concentrations of calcium that promote biofilm formation on solid medium (5 
mM calcium) and under shaking conditions (10 mM calcium), I wondered if there was an 
optimal concentration of calcium that would promote pellicle formation in static culture by the 
binK mutant. I assessed pellicle formation with increasing concentrations of calcium. The binK 
mutant formed weak pellicles with 2.5 mM, 5 mM, and 7.5 mM calcium supplemented to static 
cultures by 72 hours. The binK mutant formed robust pellicles by 72 hours when 10 mM calcium 
or higher was supplemented to static cultures. Robust pellicles could be easily lifted away from 
the static culture while weak pellicles were more viscous and difficult to remove intact (Fig. 12). 
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Figure 10. Optimal Plate Conditions that Promote Normal Wrinkled Colony Formation 
Without Divots. Strains were cultured to log phase, standardized, and spotted onto LBS agar 
plates supplemented with 10 mM calcium and incubated at 28°C. Plates were allowed to dry on 
the lab bench for 24-hour intervals. After 24 hours, plates were sealed in storage bags and stored 
them in the fridge until use. Rows labeled Day 1-4, 6, and 7 correspond to the number of days 
plates were allowed to dry on the lab bench. Development of wrinkled colony morphology by 
ΔbinK (KV7860) was assessed at the indicated times. 
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Figure 11. Optimal Temperature that Promotes Wrinkled Colony Formation. Strains were 
cultured to log phase, standardized, and spotted onto LBS agar plates supplemented with 10 mM 
calcium or on to LBS alone and incubated at 24°C (A) or 28°C (B). Development of wrinkled 
colony morphology by ΔbinK (KV7860) was assessed at the indicated times. 
 
Role of Regulators in Wrinkling on LBS in the Absence of BinK. 
 Calcium induced two distinct polysaccharide biofilms in shaking cell clumping assays, 
Syp and cellulose (Tischler et al. 2018). In previous wrinkled colony assays, only Syp was 
required for wrinkled colony formation induced by SypG or RscS overexpression. To determine 
if both Syp and cellulose contribute to calcium-induced wrinkled colony formation in the binK 
mutant, I assessed a binK mutant deficient for Syp (binK sypK and binK sypQ) and a binK 
mutant deficient for cellulose (binK bcsA) for wrinkled colony formation. I found that wrinkling 
by the binK mutant depended on the presence of Syp as both binK sypK and binK sypQ double 
mutants remained smooth on solid medium supplemented with calcium. The two syp mutants 
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exhibited different phenotypes on solid agar supplemented with calcium: the binK sypK mutant 
produced colonies that appeared dark compared to the binK sypQ mutant that produced light 
colonies, suggesting that the mutants might differentially produce Syp fragments leading to an 
alteration in colony color. A bcsA mutation had no impact on calcium-induced wrinkling by the 
binK mutant (Fig. 13), suggesting wrinkling in the absence of BinK on calcium supplemented 
plates requires Syp but not cellulose.  
The identification of calcium-induced biofilm formation in the absence of overexpression 
provided an opportunity to assess the role of known Syp biofilm regulators. Specifically, I asked 
if SypF, SypG, and RscS were required for calcium-dependent biofilm formation by assessing 
wrinkled colony phenotypes on solid agar supplemented with calcium. I found both binK and 
binK rscS were able to form wrinkled colonies on solid agar supplemented with calcium, 
suggesting RscS is not required for wrinkled colony formation in the absence of BinK. The binK 
sypF and binK sypG mutants formed smooth, non-cohesive colonies, suggesting that both SypF 
and SypG are important for wrinkled colony phenotypes in the binK mutant background (Fig. 
14). 
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Figure 12. Optimal Calcium Concentration that Promotes Pellicle Formation. Strains were 
cultured to log phase, standardized in 2 ml LBS in a 24-well microtiter plate supplemented with 
increasing concentrations of calcium, and incubated at 24°C. Development of pellicle formation 
by the binK mutant (KV7860) was assessed at the indicated times. White arrows indicate robust 
pellicle formation. 
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Figure 13. Calcium-Induced Wrinkled Colony Formation in the Absence of BinK Depends 
on Syp. Strains were cultured to log phase, standardized, and spotted onto LBS agar plates 
supplemented with 10 mM calcium and incubated at 24°C (A) or 28°C (B). Development of 
wrinkled colony morphology by the following strains was assessed at the indicated times: ΔbinK 
(KV7860); ΔbinK ΔsypK (KV7906); ΔbinK ΔbcsA (KV7908); ΔbinK ΔsypQ (KV7909). 
 
When RscS is overexpressed, only the Hpt domain of SypF is required for biofilm 
formation (Norsworthy et al. 2015). Given that SypF, but not RscS, is required for calcium-
induced shaking cell clumping in the absence of BinK, it was hypothesized that full-length SypF 
would be required. Surprisingly, only the Hpt domain of SypF was necessary for BinK-inhibited, 
calcium-dependent shaking cell clumping (Tischler et al. 2018), suggesting the 
autophosphorylation activity of SypF is not required for calcium-dependent shaking cell 
clumping. Therefore, I assessed if the same were true for cohesive phenotypes on solid agar in 
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the absence of calcium. Preliminary evidence suggested the binK sypF mutant complemented 
with the Hpt domain of SypF produced colonies that exhibited cohesiveness on solid agar in the 
absence of calcium (Karen Visick, personal communication). While cohesiveness is a subtle 
phenotype, it can be used to assess if strains are able to produce Syp (Ray et al. 2015). I assessed 
if a binK sypF mutant complemented with various sypF alleles that encode proteins with 
mutations in residues predicted to be involved in the phosphorelay (H250Q, D549A, and 
H250Q-D549A) exhibited any wrinkled colony defects. The binK sypF mutant remained smooth. 
The binK sypF mutant complemented with full-length sypF remained smooth. The binK sypF 
mutant complemented with any allele of sypF encoding an intact Hpt domain produced cohesive 
colonies (Fig. 15), suggesting the autophosphorylation activity of SypF is not required for 
cohesive phenotypes. It remained unclear how the Hpt domain would become phosphorylated. 
Thus, it was hypothesized that there must be another phosphoryl donor. 
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Figure 14. The Role of Syp Regulators in Calcium-Induced Wrinkled Colony Formation in 
the Absence of BinK. Strains were cultured to log phase, standardized, and spotted onto LBS 
agar plates supplemented with 10 mM calcium and incubated at 24°C. Development of wrinkled 
colony morphology by the following strains was assessed at the indicated times: ΔbinK 
(KV7860); ΔbinK ΔrscS (KV7861); ΔbinK ΔsypF (KV7862); ΔbinK ΔsypG (KV7933). 
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Figure 15. The Autophosphorylation Activity of SypF Is Not Required for Cohesive 
Phenotypes. Strains were cultured to log phase, standardized, and spotted onto LBS agar plates 
and incubated at 24°C. Development of wrinkled colony morphology by the following strains 
was assessed at the indicated times: ΔbinK ΔsypF (KV7862); ΔbinK ΔsypF attTn7::sypF-FLAG 
(KV7878); ΔbinK ΔsypF attTn7::sypF-H250Q-FLAG (KV7875); ΔbinK ΔsypF attTn7::sypF-
D549A-FLAG (KV7879); ΔbinK ΔsypF attTn7::sypF-H250Q-D549A-FLAG (KV7872); ΔbinK 
ΔsypF attTn7::sypF-Hpt-FLAG (KV7877). 
 
Work by others in the Visick lab identified potential sensor kinases that could donate a 
phosphoryl group to the Hpt domain of SypF via a REC domain. Four possible regulators were 
identified based on their potential ability to participate in a phosphorelay with SypF-Hpt as well 
as their importance for colonization (Brooks et al. 2016, Tischler et al. 2018). The regulators 
identified were VF_A0072, VF_2379, VF_1296, and VF_1053, and deletions of the regulators 
were made in different strain backgrounds, including KV7856 (ΔbinK ΔsypE sypF2). 
Preliminary experiments by others revealed that deletion of VF_A0072 abrogated wrinkled 
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colony formation by KV7856, and the gene was designated hahK. My contributions to 
understanding the role of HahK in biofilm formation are described in the next section. 
Investigation of the Role of HahK in Biofilm Formation. 
I reassessed the roles of the four sensor kinases in the KV7856 background. KV7856 is a strain 
previously generated to be deficient for two negative regulators, BinK and SypE. KV7856 forms 
wrinkled colonies on solid medium in the absence of calcium. In this genetic background, 
disruption of hahK, but not the other three SKs, severely diminished wrinkled colony formation 
on solid agar in the absence of calcium (Fig. 16), suggesting HahK is an important positive 
regulator of biofilm formation. Furthermore, disruption of any of the sensor kinases with an 
alternative antibiotic cassette did not change their wrinkling phenotypes, suggesting the lack of 
wrinkling observed for the hahK mutant was not due to the antibiotic cassette (Fig. 17).  
KV7856 also forms pellicles in the absence of calcium. I assessed if deletion of hahK 
would also disrupt pellicle formation by KV7856. Pellicle formation was largely abrogated by 
disruption of hahK in the absence of calcium (Fig. 18). The KV7856 hahK mutant could still 
form pellicles in the presence of calcium, suggesting cells are still responsive to calcium in the 
absence of HahK. 
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Figure 16. Disruption of hahK Abrogates Wrinkled Colony Formation. Strains were cultured 
to log phase, standardized, and spotted onto LBS agar plates and incubated at 24°C. 
Development of wrinkled colony morphology by the following strains was assessed at the 
indicated times: ΔbinK (KV7860); ΔbinK ΔsypE sypF2 (KV7856); ΔbinK ΔsypE sypF2 
ΔhahK::Erm (KV7956); ΔbinK ΔsypE sypF2 ΔVF_2379::Erm (KV7957); ΔbinK ΔsypE sypF2 
ΔVF_1296::Erm (KV7958); ΔbinK ΔsypE sypF2 ΔVF_1053::Erm (KV7959). 
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Figure 17. Disruption with Alternative Antibiotic Cassette Does Not Impact Wrinkled 
Colony Formation. Strains were cultured to log phase, standardized, and spotted onto LBS agar 
plates and incubated at 24°C. Development of wrinkled colony morphology by the following 
strains was assessed at the indicated times: ΔbinK (KV7860); ΔbinK ΔsypE sypF2 (KV7856); 
ΔbinK ΔsypE sypF2 ΔhahK::Cm (KV7968); ΔbinK ΔsypE sypF2 ΔVF_2379::Cm (KV7971); 
ΔbinK ΔsypE sypF2 ΔVF_1296::Cm (KV7974). 
 
Subsequent work was performed by other members of the lab to generate 
complementation constructs for the hahK deletion. The first construct contained hahK as well as 
the gene upstream, hnoX, and the putative upstream promoter. This hnoX-hahK complementation 
construct was moved into a benign site, the Tn7 site, in the chromosome of KV7968 (ΔbinK 
ΔsypE sypF2 ΔhahK::Cm), and I assessed the ability of the construct to complement the hahK 
disruption and promote wrinkled colony formation. This construct was able to restore wrinkling. 
I also assessed the ability of two single hahK complementation constructs to restore wrinkling to 
the ΔhahK mutant. The first complementation construct was similarly moved into the Tn7 site 
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but expressed from the constitutively active lac promoter. The second complementation 
construct was moved into a benign site adjacent to the Tn7 site, the intergenic (IG) region 
between yeiR and glmS (IG (yeiR-glmS)) and expressed from the constitutively active nrdR 
promoter. Complementation by either hahK construct alone was able to restore wrinkled colony 
formation to the ΔhahK mutant (Fig. 19). While expression from the three different promoters 
resulted in slight differences in the start of wrinkled colony formation, all three strains exhibited 
similar wrinkling at late time points. These results demonstrate that the defects in biofilm 
formation by the hahK mutant are due to disruption of HahK and are not due to the presence of a 
secondary mutation. 
 
Figure 18. Disruption of hahK Abrogates Pellicle Formation. Strains were cultured to log 
phase, standardized in 2 ml LBS in a 24-well microtiter plate supplemented with increasing 
concentrations of calcium, and incubated at 24°C. Development of pellicle formation by the 
following strains was assessed at the indicated times: ΔbinK ΔsypE sypF2 (KV7856) and ΔbinK 
ΔsypE sypF2 ΔhahK::Cm (KV7968). 
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Figure 19. Complementation of the hahK Mutant. Strains were cultured to log phase, 
standardized, and spotted onto LBS agar plates and incubated at 24°C. Development of wrinkled 
colony morphology by the following strains was assessed at the indicated times: ΔbinK ΔsypE 
sypF2 (KV7856); ΔbinK ΔsypE sypF2 ΔhahK::Cm (KV7968); ΔbinK ΔsypE sypF2 ΔhahK::Cm 
attTn7::PhnoXhnoX-hahK (KV8058); ΔbinK ΔsypE sypF2 ΔhahK::Cm attTn7::PlachahK 
(KV8047); ΔbinK ΔsypE sypF2 ΔhahK::Cm IG (yeiR-glmS)::PnrdRhahK (KV8239). 
 
Given the evidence suggesting HahK is an important regulator of biofilm formation, it 
seemed plausible that HahK could serve as the phosphodonor for the Hpt domain of SypF in 
calcium-induced shaking cell clumping phenotypes. In calcium-induced shaking conditions, a 
binK sypF mutant complemented with SypF-Hpt produces Syp-dependent biofilm clumps, while 
a binK sypF mutant remains turbid. A binK sypF hahK mutant complemented with SypF-Hpt  
produced diminished clumps in the presence of calcium and significantly less biofilm as 
measured by crystal violet staining (Tischler et al. 2018), suggesting that HahK could serve as 
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the phosphodonor to the Hpt domain of SypF. I assessed the role of hahK in calcium-induced 
wrinkled colony formation in the absence of BinK. I observed that the binK sypF mutant 
complemented with the Hpt domain of SypF formed cohesive, wrinkled colonies on solid agar 
supplemented with calcium. The mutant lacking HahK exhibited minimal wrinkling and slight 
cohesiveness on solid agar supplemented with calcium. I also assessed the hahK mutant in the 
context of full-length sypF and found that the binK sypF hahK mutant complemented with sypF 
exhibited an intermediate biofilm phenotype: on solid agar supplemented with calcium, this 
strain had slight architecture and retained cohesiveness (Fig. 20). These data suggest HahK is a 
positive regulator of biofilm formation, but SypF could potentially compensate for the loss of 
HahK on solid medium.  
In calcium-induced biofilm formation by the binK mutant, disruption of hahK resulted in 
a severely diminished but not total loss in biofilm formation as the strain formed small cell 
clumps and colonies that were cohesive on solid agar (Tischler et al. 2018). To further 
understand the requirement of hahK for calcium-induced phenotypes in the absence of BinK, I 
assessed the ability of a binK hahK mutant to form wrinkled colonies on solid agar supplemented 
with 5 mM calcium. In this preliminary experiment, I found there was no difference in wrinkling 
between the binK hahK mutant and a binK mutant alone (Fig. 21). It was hypothesized that, in 
the absence of hahK, SypF could compensate for the loss of HahK and promote biofilm 
formation, although this experiment would need to be repeated. The contribution of HahK to 
biofilm formation could more apparent in the absence of all but the Hpt domain of SypF. 
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Figure 20. HahK Functions Upstream of the Hpt Domain of SypF. Strains were cultured to 
log phase, standardized, and spotted onto LBS agar plates supplemented with 10 mM calcium 
and incubated at 24°C. Development of wrinkled colony morphology by the following strains 
was assessed at the indicated times: ΔbinK ΔsypF attTn7::sypF-Hpt-FLAG (KV7877); ΔbinK 
ΔsypF ΔhahK::Trim attTn7::sypF-Hpt-FLAG (KV8323); ΔbinK ΔsypF ΔhahK::Trim 
attTn7::sypF-FLAG (KV8324). 
 
 Given that a binK sypF mutant complemented with the Hpt domain of SypF produced 
cohesive colonies in the absence of calcium, it seemed possible that HahK could contribute to 
cohesive phenotypes in the absence of calcium by serving as a phosphodonor for the Hpt domain 
of SypF. I assessed the contribution of HahK to Syp production by observing cohesive 
phenotypes in the absence of calcium by a binK sypF hahK mutant. When hahK was deleted 
from the binK sypF mutant complemented with the Hpt domain of SypF, cohesiveness was 
almost completely abrogated. Cohesiveness could not be restored to a binK sypF hahK mutant by 
complementation with full-length sypF (Fig. 22). These results suggest that HahK and the Hpt 
domain of SypF are required for cohesive phenotypes. 
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Figure 21. Impact of HahK on Calcium-Induced Wrinkled Colony Formation in the 
Absence of BinK When SypF is Present. Strains were cultured to log phase, standardized, and 
spotted onto LBS agar plates supplemented with 5 mM calcium and incubated at 24°C. 
Development of wrinkled colony morphology by the following strains was assessed at the 
indicated times: ΔbinK ΔsypE sypF2 (KV7856); ΔbinK (KV7860); ΔbinK ΔsypF (KV7862); 
ΔbinK ΔsypF attTn7::sypF-Hpt-FLAG (KV7877); ΔbinK ΔhahK::Cm (KV7967); ΔbinK ΔsypF 
ΔhahK::Cm (KV7969).  
 
Figure 22. HahK and the Hpt Domain of SypF Are Required for Cohesive Phenotypes in 
the Absence of Supplemental Calcium. Strains were cultured to log phase, standardized, and 
spotted onto LBS agar plates and incubated at 24°C. Development of wrinkled colony 
morphology by the following strains was assessed at the indicated times: ΔbinK ΔsypF 
attTn7::sypF-Hpt-FLAG (KV7877); ΔbinK ΔsypF ΔhahK::Trim attTn7::sypF-Hpt-FLAG 
(KV8323); ΔbinK ΔsypF ΔhahK::Trim attTn7::sypF-FLAG (KV8324). 
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Summary. 
 In this study, I identified conditions under which ΔbinK formed biofilms. Specifically, I 
found that ΔbinK formed wrinkled colonies on solid agar LBS plates supplemented with 5 mM 
calcium. The dryness of the plate impacted wrinkled colony development. Optimal wrinkled 
colony development was observed on plates that had been allowed to dry 24 hours prior to use. I 
also verified conditions under which ΔbinK formed pellicles. My data provide others with the 
blueprint for assessing biofilm formation using the binK background. Additionally, I assessed the 
role of known syp regulators in not only the ΔbinK background but also the more complex 
ΔbinK ΔsypE sypF2 background. I found that SypF and SypG are both required for wrinkling on 
solid agar supplemented with calcium in the absence of BinK. I observed that the ΔbinK ΔsypF 
strain complemented with various alleles of sypF formed cohesive colonies in the absence of 
calcium. In addition to identifying a role for HahK in ΔbinK ΔsypF-dependent stickiness 
phenotypes, I also assessed the importance of HahK in biofilm formation using different genetic 
backgrounds. I found that, in the ΔbinK ΔsypE sypF2 background, HahK is an important positive 
regulator. This work has led to the second section of the results chapter of my dissertation where 
I further characterize the ΔbinK ΔsypE sypF2 background that I will use in later sections to probe 
the role of HnoX in biofilm formation. 
A Genetic Analysis Reveals that a Trio of Regulators Prevents Wrinkled Colony Formation 
by Vibrio fischeri 
Introduction. 
The current model for biofilm formation leading to colonization predicts that RscS and 
HahK drive activation of SypG via SypF’s Hpt domain, resulting in increased syp transcription 
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leading to shaking cell clumping in liquid medium and cohesive, wrinkled colonies on solid 
medium (Tischler et al. 2018) (Fig. 8). HahK is encoded downstream of hnoX, a negative 
regulator of symbiotic colonization (Wang et al. 2010) predicted to inhibit HahK (Iyer et al. 
2003, Plate et al. 2013). It is unknown how HnoX controls colonization although it is known to 
control genes involved in iron uptake. I hypothesize that HnoX controls colonization by 
inhibiting HahK, thus functioning as a negative regulator of biofilm formation. 
To test the possibility that HnoX controls biofilm formation, the initial step in 
colonization, I needed to generate an hnoX deletion. Wild-type V. fischeri used in the lab does 
not form biofilms in in vitro assays, and biofilm formation has traditionally been induced by the 
overexpression of specific regulators. Overexpression approaches failed to permit the 
identification of HahK as an important regulator of biofilm formation. As a result, it was 
necessary to choose a more appropriate strain background for these studies. The lab had 
previously generated a mutant to be defective for two negative regulators of biofilm formation. 
This mutant wrinkled colonies on solid agar in the absence of a biofilm-inducing signal, thus 
providing a background to assess hnoX-dependent phenotypes. Evidence suggested that the 
ΔbinK ΔsypE strain contained another mutation, and I further identified the mutation in sypF and 
named the mutation sypF2. I characterized biofilms formed by the ΔbinK ΔsypE sypF2 strain. 
This work has identified a genetic background that can be further used to understand the 
importance of other regulators of biofilm formation.  
Identification of a Mutant that Forms Biofilms in the Absence of Calcium 
Supplementation. 
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V. fischeri encodes two known negative regulators of biofilm formation, the SK BinK 
(Brooks et al. 2016, Pankey et al. 2017) and the RR SypE (Morris et al. 2011, Morris et al. 2013, 
Morris et al. 2013). Although some genetically modified strains of V. fischeri (e.g., RscS 
overexpressing strains (Yip et al. 2006)) form wrinkled colonies on LBS, the usual rich medium 
used to grow this organism, mutation of neither binK nor sypE alone permits wrinkled colony 
formation. I therefore hypothesized that disruption of both negative regulators may be necessary 
to permit wrinkled colony formation.  
To test this hypothesis, binK was deleted from strain KV3299, a sypE mutant that has 
been extensively investigated (Morris et al. 2011, Morris et al. 2013, Morris et al. 2013), to 
generate KV7856. Like wild-type strain ES114 (Fig. 23Ai), and as reported previously, the 
sypE mutant formed smooth colonies under these conditions (Morris et al. 2011, Morris et al. 
2013, Morris et al. 2013) (Fig. 23Aii). Similarly, a strain in which binK alone is deleted (binK) 
formed smooth colonies on LBS, as previously reported (Brooks et al. 2016, Tischler et al. 2018) 
(Fig. 23Aiii). In contrast, KV7856, defective for the two known negative regulators, produced 
wrinkled colonies (Fig. 23Aiv). These data initially suggested that BinK and SypE together 
inhibit biofilm formation. 
However, further experimentation indicated that this conclusion was only partially 
correct: an independently constructed binK sypE mutant (binK1 sypE::Cm) failed to produce 
robust wrinkled colonies when grown under the same conditions (Fig. 23Biii) and was, in fact, 
smooth like the negative control (Fig 23Bi). To determine the underlying cause of the differing 
phenotypes, we constructed two additional binK sypE mutants by introducing a marked binK 
deletion (binK::Cm; “binK2”) into sypE deletion mutants, both the original strain KV3299 
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(sypE1) and one that had a distinct derivation (sypE3). The former mutant produced wrinkled 
colonies, similar to the original double mutant (Compare Fig. 23Bii and iv), while the latter 
produced smooth colonies (Fig. 23Bv). Together, these results suggested that disrupting both 
binK and sypE was insufficient to generate the wrinkled colony phenotype. As a result, it seemed 
likely that there was a secondary mutation (indicated by *) in KV3299, the sypE strain used to 
generate the original double mutant. 
 
Figure 23. Identification of a Mutant that Forms Wrinkled Colonies. (A) Development of 
wrinkled colony morphology by the following strains was assessed at the indicated time: (i) 
Wild-type ES114 (KV4674); (ii) sypE * (KV3299); (iii) binK (KV7860); (iv) binK sypE * 
(KV7856). Colonies were disrupted to evaluate Syp production. (B) Development of wrinkled 
colony morphology by three new binK sypE mutants was assessed at 48 hours. The specific 
binK and sypE alleles are shown on the left along with the hypothesized presence of a putative 
point mutation (indicated by *), while the corresponding images are shown on the right, for the 
following strains: (i) Wild-type ES114 (KV4674); (ii) binK sypE * (binK1 sypE1; 
KV7856); (iii) binK sypE::Cm (binK1 sypE2; KV8391); (iv) binK::Cm sypE * (binK2 
sypE1 *; KV8389); (v) binK::Cm sypE  (binK2 sypE3; KV8390). Colonies were 
disrupted at 48 h to evaluate Syp-PS production. 
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To better understand the biofilm-forming capabilities of binK sypE * mutant KV7856, 
I asked if it similarly exhibited enhanced phenotypes in other biofilm assays, namely, pellicles 
and shaking cell clumping. Consistent with the observed wrinkled colony phenotypes, KV7856, 
but not the sypE * or binK mutants, was competent to form pellicles by 48 hours of incubation 
(Fig. 24A). In contrast, KV7856 did not differ from the binK strain with respect to the shaking 
cell clumping phenotype: neither strain produced cell clumps when grown with shaking in the 
absence of calcium, while both strains were competent to do so upon calcium supplementation 
(Fig. 24B and C).   
I conclude that additional control mechanisms must in place to prevent cells from 
forming large cohesive clumps in the absence of calcium, and the presence of calcium overrides 
both that control and negative regulation by SypE *. However, given the other enhanced biofilm 
phenotypes of KV7856, I revisited the possibility that this strain might exhibit some increase in 
its capacity to form biofilms when grown without calcium under shaking conditions. I evaluated 
this possibility using a light microscope to visualize potential biofilm behavior under those 
conditions. I observed that KV7856, but not binK, was able to form microscopic aggregates in 
the absence of calcium supplementation (Fig. 24D). Thus, binK sypE * strain KV7856 
produces enhanced biofilms under all tested conditions in the absence of calcium, albeit only 
modestly when grown with shaking. Because the consequence of the secondary mutation in 
binK sypE * was most readily observed with wrinkled colony formation, I used this 
phenotype in subsequent work to identify and probe the effects of this mutation. 
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Figure 24. Biofilm Formation by the binK sypE * Mutant. (A) Strains were cultured to log 
phase, standardized in 2 ml LBS in a 24-well microtiter plate, and incubated at 24°C. 
Development of pellicles by the following strains was assessed at the indicated times: (i) Wild-
type ES114 (KV4674); (ii) sypE * (KV3299); (iii) binK (KV7860); (iv) binK sypE * 
(KV7856). At the end of the time course, the pellicles were disrupted with a toothpick to 
evaluate pellicle strength. Robust pellicle formation is indicated by the white arrow. (B) 13 x 100 
mm test tubes were used with a culture volume of 2 ml of LBS with 10 mM CaCl2 and (C) 
without. Representative images of the following strains were captured 16 h post inoculation: (i) 
Wild-type ES114 (KV4674); (ii) binK (KV7860); (iii) sypE * (KV3299); (iv) binK sypE * 
(KV7856). (D) Microscopic images of aggregates formed in LBS without supplemental calcium. 
Representative images of the following strain were captured 18 h post inoculation: (i) Wild-type 
ES114 (KV4674); (ii) binK (KV7860); (iii) sypE * (KV3299); (iv) binK sypE * (KV7856). 
Aggregates are indicated by the black arrows.  
 
Identification of a Mutation in sypF. 
 I next sought to determine the location of the unmarked mutation. I hypothesized that it 
could be within the large syp locus. If so, then it should be possible to observe linkage between 
the secondary mutation and a representative gene such as sypE. Therefore, I introduced 
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chromosomal DNA containing sypE::Cm and flanking sequences into the wrinkling-competent 
strain (binK sypE *) and selected for CmR (Fig. 25A). I expected that, if the point mutation 
were linked to sypE, then the incoming sequences would repair the mutation, causing the 
colonies to become smooth. Indeed, most of the resulting CmR colonies were smooth, indicating 
that the point mutation was closely linked to sypE. I obtained a single recombinant, however, that 
formed a wrinkled colony (Fig. 25A). I hypothesized that, in this new strain, KV8265, 
recombination had occurred such that the point mutation was retained and was now linked to the 
CmR marker.  
To more precisely determine the position of the point mutation, I performed additional 
linkage analyses. Using KV8265 as a template, I amplified sypE::Cm and adjacent sequences 
of different lengths. I introduced these sequences into the binK mutant by natural 
transformation, selecting for CmR and evaluating resulting colonies for the ability to form a 
wrinkled colony (Fig. 25B); if the mutation was transferred to the recipient, the colonies would 
become wrinkled. Using this approach, I was able to define the position of the mutation as a 
region within sypF (Fig. 25B). I then sequenced the sypF allele to identify the mutation and 
found that a single nucleotide was deleted from this gene (Fig. 25C); although other changes 
existed, none resulted in changes to the predicted protein sequence. The consequence of the 
nucleotide deletion is a frame-shift that would alter the SypF sequence after codon 76 and end 
the predicted protein after 89 residues; I termed this allele sypF2. The mutation was also present 
in parent strain KV3299 but was absent in the wild-type ES114 strain. 
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Figure 25. Identification of a Mutation in sypF. (A) Chromosomal DNA containing 
sypE::Cm and flanking sequences were introduced into the wrinkling-competent strain (binK 
sypE *) (KV7856) by natural transformation with selection for CmR. The resulting colonies 
were smooth (1) because the incoming DNA repaired the point mutation. There was one 
exception, a single recombinant that wrinkled, KV8265 (2). Images on the right represent the 
outcomes, but not the actual strains. (B) Using KV8265 as a template, sypE::Cm and adjacent 
sequences of different lengths were amplified and introduced into the binK mutant by natural 
transformation with selection for CmR. The ability of the resulting colonies to wrinkle was 
assessed. Images on the right represent the outcomes, but not the actual strains. (C) Sequences 
that were able to confer wrinkling to the binK mutant were sequenced and a mutation was 
identified in sypF; we termed this allele sypF2. sypF2 contained a single nucleotide deletion at 
nucleotide 227, resulting in a frame-shift that ends the predicted protein after residue 89.  
 
Given the presence of sypF2 in the well-characterized sypE mutant, I wondered if our 
previous conclusions about SypE function were valid. Specifically, our former work had 
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indicated that SypE was a strong inhibitor of wrinkled colony formation when the response 
regulator, SypG, was overexpressed (Morris et al. 2011, Morris et al. 2013), but the presence of 
the sypF2 mutation made the role of sypE unclear. I therefore compared wrinkled colony 
formation by sypG-overexpressing KV3299, as well as two independently constructed sypE 
strains that contain wild-type sypF. All of the sypE-defective strains, regardless of the presence 
of sypF2, were competent to form wrinkled colonies (Fig. 26). The presence of sypF2 did, 
however, substantially accelerate the timing of wrinkled colony formation. Thus, while the 
sypF2 allele contributes to the timing of biofilm formation, SypE is, as previously reported, an 
important negative regulator of biofilm formation. 
sypF2 Produces an Active Protein that Promotes Biofilms. 
Because a frame-shift mutation is typically interpreted as a loss of function allele, I asked 
if SypF is dispensable for wrinkled colony formation in the absence of BinK and SypE. In 
contrast to the wrinkling-competent sypF2-containing strain, a binK mutant that lacks both sypE 
and sypF failed to form wrinkled colonies, similar to a binK sypE (sypF +) double mutant (Fig. 
27A-D). In addition, wrinkled colony formation could not be restored to the sypE-F mutant by 
re-introduction of the wild-type sypF allele (known to be functional) (Fig. 27E). Finally, while 
the binK sypE sypF2 mutant formed robust pellicles, the binK sypE-F mutant failed to form 
pellicles, similar to the binK and binK sypE (sypF +) mutants. Pellicle formation could not be 
restored to the binK sypE-F mutant by complementation with sypF (Fig. 28B). These data 
suggested that (1) sypF2 is not a null allele and thus retains some activity necessary for biofilm 
formation, and (2) wild-type SypF is not a positive regulator under these conditions. Indeed, in 
support of the latter conclusion, I found that introduction of wild-type sypF into the binK sypE 
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sypF2 strain delayed wrinkled colony formation (Fig. 27F). In contrast, expressing only the 
isolated Hpt domain (SypF-Hpt) did not delay wrinkled colony formation. These data suggest 
that intact SypF, but not the Hpt domain, is inhibitory to biofilm formation (Fig. 27G). 
 
 
Figure 26. SypE Is Responsible for Inhibiting SypG-Induced Wrinkled Colony Formation. 
SypG-overexpressing strains were cultured to log phase, standardized, and spotted onto LBS 
agar plates containing 5 g/ml tetracycline incubated at 24°C. Development of wrinkled colony 
morphology by the following pCLD56-containing strains was assessed at the indicated times: 
(A) WT (ES114); (B) sypE * (KV3299); (C) sypE (KV6782); (D) sypE::Cm (KV8151); (E) 
sypE * attTn7::sypE (KV4819). Colonies were disrupted at the final time point to evaluate Syp-
PS production. 
104 
 
 
Work by other members of the lab suggests that SypF2 protein is produced. A 
substitution of histidine 705, which is required for biofilm formation, to glutamine (H705Q) in 
SypF2 abrogates wrinkled colony formation, further suggesting that although there is a 
frameshift mutation in sypF2, SypF protein must still be produced. Together, these data indicate 
that SypF (1) is a required positive regulator of wrinkled colony formation, that (2) full-length 
SypF functions as an inhibitor under these conditions, and (3) SypF2 has positive activity not 
produced by wild-type SypF under these conditions. Further experimentation by others revealed 
that perturbation of SypF could promote wrinkled colony formation. A binK mutant expressing 
wild-type HA-tagged SypF produced wrinkled colonies. Wrinkling was enhanced by the deletion 
of sypE and the presence of sypF2. I propose that SypF2 may disconnect the Hpt domain (and 
other sequences) from the N-terminal transmembrane sensor domain that is predicted to control 
its activity via a phosphorelay. If this were the case, then the sensor domain of SypF may 
function to inhibit wrinkled colony formation under these conditions, potentially by promoting 
phosphatase activity. The perturbation could alter the conformation of the protein promoting 
kinase activity. 
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Figure 27. Wrinkled Colony Formation Requires SypF Activity. (A) Development of 
wrinkled colony morphology of the following strains was assessed at the indicated times: (A) 
binK (KV7860); (B) binK sypE sypF2 (KV7856); (C) binK sypE (KV8391); (D) binK 
sypE-F (KV8055); (E) binK sypE-F attTn7::sypF-FLAG (KV8085); (F) binK sypE sypF2 
attTn7::sypF-FLAG (KV8404); (G) binK sypE sypF2 attTn7::sypF-Hpt-FLAG (KV8405). 
Colonies were disrupted at the final time point to evaluate Syp-PS production. (B) Development 
of pellicles was assessed at the indicated times. At the end of the time course, the pellicles were 
disrupted with a toothpick to evaluate pellicle strength. Robust pellicle formation is indicated by 
the white arrow. The strains assessed in (A) were assessed in (B). 
 
The Hpt Domain of SypF Promotes Wrinkled Colony Formation. 
To investigate the mechanism by which SypF controls wrinkled colony formation, I made 
use of a set of alleles that express SypF phosphorelay mutants; our lab has previously reported 
that only H2 (H750Q), and not H1 (H250Q) or D1 (D549A), is required for biofilm formation 
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(Norsworthy et al. 2015, Tischler et al. 2018). I introduced the same alleles into the binK 
sypE-F mutant to see if wrinkled colony formation could be restored. As seen previously (Fig. 
27E), full-length sypF did not promote biofilm formation. However, biofilms readily formed 
when the H1, D1, or H1D1 (H250Q-D549A) mutants were introduced into the triple mutant 
(Fig. 28Av-vii). Furthermore, expression of the C-terminal Hpt domain alone was sufficient to 
promote biofilm formation by the binK sypE-F mutant, similar to the sypF2-expressing binK 
sypE mutant (Fig. 28Aviii). This phenotype depended on H2, as SypF-Hpt-H750Q failed to 
promote wrinkled colony formation (Fig. 28Aix). Similarly, the Hpt domain was sufficient to 
promote pellicles in a manner that depended on H750 (Fig. 28B). I conclude that SypF-Hpt is not 
only sufficient to promote biofilm formation (e.g., upon RscS overexpression (Norsworthy et al. 
2015, Tischler et al. 2018)), but it permits biofilm formation under conditions that do not 
normally permit it (i.e., growth without added calcium). Thus, SypF plays both positive and 
negative roles in biofilm formation, and the experimental conditions used in this study (e.g., 
absence of added calcium, on solid medium) promote the inhibitory activity of SypF. Artificially 
disconnecting the C-terminal signal transduction machinery from the N-terminal sensory domain 
removes the negative regulation, promoting biofilm formation. 
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Figure 28. The Hpt Domain of SypF Promotes Biofilm Formation. (A) Development of 
wrinkled colony morphology assessed at the indicated times. Colonies were disrupted at the final 
time point to evaluate Syp-PS production. (B) Strains were cultured to log phase, standardized in 
2 ml LBS in a 24-well microtiter plate, and incubated at 24°C. Development of pellicles was 
assessed at the indicated times. At the end of the time course, the pellicles were disrupted with a 
toothpick to evaluate pellicle strength. Robust pellicle formation is indicated by the white arrow. 
The following strains were assessed for the ability to promote biofilm formation: (i) binK 
(KV7860); (ii) binK sypE sypF2 (KV7856); (iii) binK sypE-F (KV8055); (iv) binK 
sypE-F attTn7::sypF-FLAG (KV8085); (v) binK sypE-F attTn7::sypF-H250Q-FLAG 
(KV8406); (vi) binK sypE-F attTn7::sypF-D549A-FLAG (KV8088); (vii) binK sypE-F 
attTn7::sypF-H250Q-D549A-FLAG (KV8089); (viii) binK sypE-F attTn7::sypF-Hpt-FLAG 
(KV8086); (ix) binK sypE-F attTn7::sypF-Hpt-H705Q-FLAG (KV8087).  
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Summary. 
The goal of this study was to characterize a mutant that could be used as a genetic 
background to assess the role of hnoX in biofilm formation. V. fischeri exerts substantial control 
over the production of biofilms. Here, I found that a set of three TCS regulators, BinK, SypE, 
and SypF, work to prevent wild-type strain ES114 from forming biofilms under standard 
laboratory conditions. I will use the ΔbinK ΔsypE sypF2 background for the bulk of my work 
assessing the role of HnoX in biofilm formation. 
Nitric Oxide Inhibits Biofilm Formation by Vibrio fischeri Via the Nitric Oxide 
Sensor HnoX 
Introduction. 
  Nitric oxide (NO) is a gaseous, readily diffusible molecule with a range of functions in 
different species (Reiter 2006, Derbyshire et al. 2009). Eukaryotes utilize low concentrations of 
NO as a signaling molecule in cell communication (Derbyshire et al. 2009), but can also produce 
high concentrations that can act as a potent antimicrobial (Fang 2004). In turn, many bacteria 
encode enzymes that detoxify NO in the environment (Poole et al. 1996, Gardner et al. 2002, 
Poock et al. 2002, Stevanin et al. 2002, Gardner et al. 2003, Spiro 2007). Recently, some bacteria 
have been shown to produce endogenous NO (Crane et al. 2010). NO, either endogenously 
produced or encountered in the environment, acts as a signaling molecule regulating processes 
such as biofilm formation, dispersal, motility, and quorum sensing (Price et al. 2007, Carlson et 
al. 2010, Liu et al. 2012, Muralidharan et al. 2012, Plate et al. 2012, Henares et al. 2013, Hossain 
et al. 2017).   
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One bacterium that encounters environmental NO is V. fischeri, which experiences NO 
during colonization of its symbiotic host, the squid E. scolopes. Prior to and during colonization, 
E. scolopes secretes mucus containing NO, and high levels of NO can be detected in the ducts 
that lead from the surface of the symbiotic organ to the internal deep crypt spaces, the ultimate 
site of bacterial colonization. In addition, NO can be found in the mucus secreted on the light 
organ surface (Davidson et al. 2004). It is in this context that initial interactions between V. 
fischeri and its host occur: V. fischeri forms a bacterial aggregate, or symbiotic biofilm, on the 
surface of the symbiotic organ from which the bacteria then disperse to enter and ultimately 
colonize the organ (Nyholm et al. 2000, Visick 2009). The presence of NO in the mucus restricts 
the aggregation of non-symbiotic bacteria (Davidson et al. 2004). These data suggest that NO 
plays a key role in the communication between E. scolopes and V. fischeri. 
Previous work identified a NO-sensor in V. fischeri named HnoX, for heme nitric 
oxide/oxygen binding protein, that forms stable Fe(II)-NO complexes. HnoX acts as a NO-sensor 
that regulates the expression of genes for iron acquisition. An hnoX mutant of V. fischeri 
exhibited a competitive advantage over wild-type V. fischeri (Wang et al. 2010), but it remains 
unclear how altering genes for iron acquisition might confer a colonization advantage. HnoX 
proteins are often encoded adjacent to a histidine kinase, as is the case for HnoXVf, and are 
predicted to inhibit downstream processes regulated by the histidine kinase (Iyer et al. 2003). 
HnoX is encoded upstream of a recently identified positive regulator of biofilm formation, 
HahK. HahK promotes biofilm formation by controlling transcription of the symbiosis 
polysaccharide (syp) locus. The syp locus encodes proteins that build and export the symbiosis 
polysaccharide (Syp), the major component of the biofilm matrix, as well as regulators of the syp 
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locus. HnoX is predicted to inhibit HahK, and I thus hypothesized that HnoX serves as a 
negative regulator of biofilm formation.  
 Here, I tested the hypothesis that HnoX functions as a negative regulator of biofilm 
formation. I hypothesized that in the presence of NO, HnoX interacts with HahK to inhibit the 
production of Syp at the level of syp transcription. I hypothesized that in the absence of HnoX, 
strains of V. fischeri form larger aggregates in the context of the squid and are thus, able to 
colonize more efficiently. Here, I explored the involvement of NO, HnoX, and HahK in biofilm 
formation (Fig. 8).  
HnoX Inhibits Biofilm Formation. 
HnoX, a previously identified NO sensor (Wang et al. 2010), is encoded upstream of 
HahK, a sensor kinase that was recently shown to function as a positive regulator of syp-
dependent biofilm formation (Tischler et al. 2018). Given the relationship between similar 
proteins in other systems, I hypothesized that HnoX inhibits HahK and would thus negatively 
regulate wrinkled colony formation on solid medium, a read-out for biofilm formation.  Indeed, 
deletion of hnoX in a biofilm-competent strain (KV7856) resulted in precocious biofilm 
formation: wrinkled colonies formed about four hours earlier than that of the parent strain (Fig. 
29Ai and ii). Complementation with hnoX restored the timing to wild-type (Fig. 29Aiii). Similar 
results were observed using another biofilm-competent strain background (Fig. 30), indicating 
that HnoX functions to inhibit wrinkled colony formation.  
The hnoX mutant exhibited similarly enhanced phenotypes in other assays of biofilm formation. 
Under static growth conditions, biofilm-proficient strains form pellicles at the air- liquid 
interface. The biofilm-competent strain KV7856 formed weak pellicles at 48 hours and within 72 
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hours, robust, cohesive pellicles (Fig. 29Bi). Pellicle formation by the ΔhnoX mutant was 
accelerated, with robust, cohesive pellicles forming by 48 hours. Furthermore, the pellicles 
formed by the ΔhnoX mutant, but not its parent, developed wrinkles at 48 hours (Fig. 29Bii). 
Previously, wrinkling has been observed in pellicles by strains overexpressing a positive 
regulator of biofilm formation (Yip et al. 2006, Hussa et al. 2008, Shibata et al. 2012, Morris et 
al. 2013, Morris et al. 2013); the three-dimensional (3D) architecture is thought to be a sign of 
biofilm maturation (Ray et al. 2015). Complementation of the ΔhnoX mutant restored both 
parental timing and appearance of pellicles (Fig. 29Biii).  
When grown with shaking, biofilm-competent cells can form macroscopic cell clumping 
(only in the presence of calcium) (Tischler et al. 2018) and/or microscopic cell aggregates (in the 
presence or absence of added calcium) (Thompson et al. 2018, in preparation). There was no 
consistent difference in the timing of macroscopic cell clumping between the strains (Fig. 29C). 
Preliminary microscopic experiments suggest that the difference in timing of microscopic 
aggregation between the hnoX mutant and parent strain might be subtle. These experiments 
should be repeated to determine if the hnoX mutant forms aggregates earlier than the parent 
strain, both in the presence and absence of calcium. Together, these data indicate that hnoX is a 
negative regulator of biofilm formation under different conditions and in two separate genetic 
backgrounds. 
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Figure 29. HnoX Inhibits Biofilm Formation. Biofilm phenotypes by the following strains: (i) 
binK sypE sypF2 (KV7856); (ii) binK sypE sypF2 hnoX::FRT (KV8150); (iii) binK 
sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hnoX-HA (KV8175). (A) Development of wrinkled 
colony morphology was assessed at the indicated time. Asterisks denotes the time point at which 
wrinkling became visible. (B) Strains were cultured to log phase, standardized in 2 ml LBS in a 
24-well microtiter plate, and incubated at 24°C. Development of pellicles was assessed at the 
indicated times. (C) 13 x 100 mm test tubes were used with a culture volume of 2 ml of LBS 
with 10 mM CaCl2. Representative images of the following strains were captured 16 h post 
inoculation.  
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Figure 30. HnoX Inhibits Biofilm Formation in a Simple Genetic Background. Development 
of wrinkled colony morphology on LBS plates containing 5 mM calcium of the following strains 
was assessed at the indicated times: (A) binK (KV7860); (B) binK hnoX::FRT (KV8310); 
(C) binK hnoX::FRT IG (yeiR-glmS)::hnoX-HA (KV8489). Colonies were disrupted at the 
final time point to evaluate Syp-PS production. 
 
Overexpression and Plasmid-Based Complementation of hnoX. 
 In my first attempts to understand the role of hnoX on biofilm formation, I overexpressed 
hnoX in a biofilm-competent strain. I expected that, if HnoX functioned as a negative regulator 
of biofilm formation, overexpression of hnoX would delay wrinkled colony formation. I found 
that there was no consistent difference in wrinkled colony formation in strains that overexpressed 
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hnoX compared to a vector-control (Fig. 31). Similarly, attempts to complement a hnoX deletion 
by overexpression of hnoX failed (Fig. 31). It is possible that overexpression of HnoX inhibits 
biofilm formation and is able to complement the hnoX mutation. Observing wrinkled colony 
formation at earlier time points could resolve this. The overexpression construct has not been 
sequenced and the lack of phenotype could be due to a mutation present in hnoX. 
HnoX-Mediated Inhibition Depends on HahK. 
I probed the HnoX pathway by determining if its activity depended on HahK. I compared 
biofilm formation by otherwise biofilm-competent strains deleted for both hnoX and hahK, and, 
as a control, hahK alone. In agreement with previous work describing HahK as a positive 
regulator of biofilm formation (Tischler et al. 2018), a strain deleted for hahK produced minimal 
wrinkled colony architecture (Fig. 32). Introduction of an epitope-tagged allele of hahK restored 
wild-type wrinkling (Fig. 19). Similarly, wrinkled colony development in the hnoX-hahK double 
mutant was diminished, indicating HahK is epistatic to HnoX. Moreover, while complementation 
of the double hnoX-hahK mutant with both genes restored the wild-type timing of wrinkling, 
complementation with hahK alone restored precocious wrinkling (Fig. 32). These results suggest 
that the enhanced biofilm phenotypes of the hnoX mutant depend on HahK. 
Because HahK is a predicted histidine kinase, I asked if residues involved in the 
autophosphorylation and phosphotransfer, H222 and D506, were required for the enhanced hnoX 
mutant biofilms. Despite being expressed, neither hahK-H222Q nor hahK-D506A mutants 
complemented the hahK defect (Fig. 33A). When expressed in a ΔhnoX (hahK+) background, 
the two HahK mutants caused a delay in wrinkled colony formation, suggesting the mutant 
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proteins “poison” or interfere with the activity of wild-type HahK (Fig. 33B). These results 
suggest the enhanced biofilm phenotypes of the hnoX mutant depend on active alleles of hahK. 
 
 
Figure 31. Overexpression and Plasmid-Based Complementation of hnoX. Development of 
wrinkled colony morphology of the following strains expressing either the vector control (VC; 
pKV69) or a plasmid overexpressing hnoX (O/E HnoX; pLL9) was assessed at the indicated 
times: binK sypE sypF2 (KV7856); binK sypE sypF2 hnoX::FRT-Erm (KV8032).  
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Figure 32. HnoX-Mediated Inhibition Depends on HahK. Development of wrinkled colony 
morphology of the following strains was assessed at the indicated times: binK sypE sypF2 
(KV7856); binK sypE sypF2 hnoX::FRT-Erm (KV8032); binK sypE sypF2 hahK::FRT-
Erm (KV7956); binK sypE sypF2 hnoX-hahK::FRT-Erm (KV8485); binK sypE sypF2 
hnoX-hahK::FRT attTn7::hnoX-hahK (KV8486); binK sypE sypF2 hnoX-hahK::FRT IG 
(yeiR-glmS)::hnoX-HA (KV8494); binK sypE sypF2 hnoX-hahK::FRT IG (yeiR-
glmS)::hahK-HA (KV8493). Colonies were disrupted at the final time point to evaluate Syp-PS 
production. 
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Figure 33. Active Alleles of hahK Are Required for Enhanced hnoX-Dependent 
Phenotypes. Development of wrinkled colony morphology of the following strains was assessed 
at the indicated times: binK sypE sypF2 (KV7856); binK sypE sypF2 hnoX::FRT 
(KV8150); binK sypE sypF2 hahK::FRT-Erm (KV7956); binK sypE sypF2 hnoX-
hahK::FRT (KV8493); binK sypE sypF2 hnoX-hahK::FRT IG (yeiR-glmS)::hahK-HA 
(KV8507); binK sypE sypF2 hnoX-hahK::FRT IG (yeiR-glmS)::hahK-H222Q-HA 
(KV8504); binK sypE sypF2 hnoX-hahK::FRT IG (yeiR-glmS)::hahK-D506A-HA 
(KV8503); binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hahK-HA (KV8500); binK 
sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hahK-H222Q-HA (KV8502); binK sypE sypF2 
hnoX::FRT IG (yeiR-glmS)::hahK-H506A-HA (KV8501). HahK phosphotransfer mutants were 
unable to promote wrinkled colony formation in the hnoX-hahK mutant. HahK phosphotransfer 
mutants are dominant to wild-type HahK.  
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Generation of hnoX Mutants. 
HnoX has previously been shown to bind NO (Wang et al. 2010). I predicted that HnoX’s 
ability to inhibit biofilm formation is dependent on its ability to bind NO. Therefore, I set out to 
identify residues that would abrogate HnoX activity. V. fischeri HnoX has conserved residues 
that have shown in other systems to be important for NO binding, including a required YxSxR 
site and a conserved histidine residue important for heme positioning (Fig. 1C, D) (Schmidt et al. 
2004, Cary et al. 2006, Plate et al. 2013). I mutated the codon for Y131 of the YxSxR site and 
that for histidine residue H102. The hnoX-Y131L mutant has been verified by sequencing. 
Neither hnoX-H102G candidate has been sequenced. I introduced these mutant alleles into the 
KV7856 ΔhnoX mutant. In contrast to the parent and similar to the positive controls (ΔbinK 
ΔsypE sypF2 and ΔbinK ΔsypE sypF2 ΔhnoX hnoX+), these strains exhibited accelerated 
wrinkled colony development (Fig. 34A). These mutant proteins were not detected by Western 
blot analysis (Fig. 34B). Thus, a defect in protein stability could account for the lack of 
complementation. 
Mutation of HnoX P114 Results in Increased Inhibitory Activity. 
In Shewanella woodyi, a substitution of alanine for proline 117 of HnoX results in an 
NO-activated mimic that exhibits increased inhibitory activity and is predicted to inhibit biofilm 
formation (Muralidharan et al. 2012). Proline 117 is conserved in V. fischeri HnoX (Fig. 1C, D). 
However, expression of the corresponding V. fischeri mutant, HnoX-P115A, failed to alter 
biofilm formation by ΔhnoX (Fig. 35). The HnoX-P115A mutant protein was detectable, albeit 
diminished compared to wild-type HnoX, by Western blot, suggesting that the lack of phenotype 
was not due to a lack of protein production and that HnoX-P115A may be defective for HnoX 
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activity (Fig. 34B). In contrast, expression of HnoX-P114A, defective for the adjacent proline, 
delayed wrinkled colony development by 15 h (Fig. 35). Furthermore, expression of hnoX-
P114A in the hnoX+ parent delayed wrinkled colony formation by 15 h, indicating that HnoX-
P114A is dominant to wild-type HnoX (Fig. 36). Together, these results suggest that mutation of 
P114 to alanine alters the conformation such that the protein has increased inhibitory activity, 
potentially similar to the NO-bound form of HnoX. 
 
Figure 34. Evaluation of HnoX Mutants. (A) Development of wrinkled colony morphology of 
the following strains was assessed at the indicated times: binK sypE sypF2 (KV7856); binK 
sypE sypF2 hnoX::FRT (KV8150); binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hnoX-
HA (KV8175); binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hnoX-H102G-HA #1 
(KV8505); binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hnoX-H102G-HA #2 (KV8506); 
binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hnoX-Y131L-HA (KV8178). (B) Western blot 
analysis of HA-tagged derivatives of HnoX with anti-HA antibody. Strains expressing either 
wild-type or mutants were grown overnight at 28°C. Strains were standardized to OD600=1 in 1 
ml, pelleted, and lysed in 200 ul of 2X sample buffer. Lanes 1-3 were loaded with 10 ul of whole 
cell lysates, and lanes 4-6 were loaded with 5 ul of whole cell lysates onto gels. Membranes were 
probed with anti-HA antibody. 
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Figure 35. Identification of an hnoX Allele with Increased Activity. Development of wrinkled 
colony morphology of the following strains was assessed at the indicated times: binK sypE 
sypF2 (KV7856); binK sypE sypF2 hnoX::FRT (KV8150); binK sypE sypF2 
hnoX::FRT IG (yeiR-glmS)::hnoX-HA (KV8175); binK sypE sypF2 hnoX::FRT IG (yeiR-
glmS)::hnoX-P115A-HA (KV8176); binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hnoX-
P114-HA (KV8177). Colonies were disrupted at the final time point to evaluate Syp production. 
 
HnoX and HahK Impact Transcription of the syp Locus  
Production of Syp-PS, the major component of the biofilm matrix, is dependent upon 
transcription of the syp locus. As positive and negative regulators of biofilm formation, HahK 
and HnoX might regulate biofilm formation at the level of syp transcription. Indeed, whereas the 
hahK mutant exhibited low levels of syp transcription similar to the biofilm-deficient negative 
control at early time points between 3 and 6 hours, the hnoX mutant exhibited an 8-fold increase 
in syp transcription compared to the biofilm-deficient negative control and a 2-fold increase in 
syp transcription compared to the biofilm-proficient positive control, indicating that the effects of 
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these regulators occur at the level of syp transcription (Fig. 37). The 2-fold increase in syp 
transcription at 3 and 6 hours in the absence of hnoX was dependent on the presence of hahK as 
an hnoX-hahK double mutant exhibited low levels of syp transcription (Fig. 37).  At 26 hours, 
the hnoX mutant and the biofilm-proficient strain exhibited similar levels of syp transcription that 
was 17-22-fold increase compared to the biofilm deficient strain. A strain expressing hnoX-
P114A, which exhibited delayed biofilm phenotypes, also exhibited diminished syp transcription 
(Fig. 37). These results suggest that HnoX negatively regulates biofilm formation and HahK 
positively regulates biofilm formation, both at the level of syp transcription.  
 
Figure 36. HnoX-P114A Is Dominant to Wild-Type HnoX. Development of wrinkled colony 
morphology of the following strains was assessed at the indicated times: binK sypE sypF2 
(KV7856); binK sypE sypF2 hnoX::FRT (KV8150); binK sypE sypF2 hnoX::FRT IG 
(yeiR-glmS)::hnoX-HA (KV8175); binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hnoX-
P115A-HA (KV8176); binK sypE sypF2 hnoX::FRT IG (yeiR-glmS)::hnoX-P114-HA 
(KV8177); binK sypE sypF2 IG (yeiR-glmS)::hnoX-HA (KV8492); binK sypE sypF2 IG 
(yeiR-glmS)::hnoX-P114A-HA (KV8487).  
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Figure 37. HnoX and HahK Control syp Transcription. Strains expressing the PsypA-GFP 
reporter were grown overnight at 24°C. Strains were sub-cultured the next day to OD600=0.05. 
The fluorescence and OD were measured every hour. The fluorescence/OD600 for each strain was 
normalized to the ΔbinK ΔsypE-sypF strain at every time point to generate the normalized 
fluorescence.  
 
N-Terminal HahK Truncations Are Unable to Overcome HnoX-Mediated Inhibition. 
Although predicted to inhibit HahK, it is unknown how HnoX might exert its inhibition. 
One hypothesis is that HnoX could physically interact with a region of HahK to inhibit HahK 
activity. According to NCBI sequence information, there are 200 N-terminal amino acids of  
unknown function upstream of the phosphorelay domains in HahK (Fig. 38A). I hypothesize 
these N-terminal amino acids comprise the HnoX interacting region of HahK. If so, then deletion 
or overexpression of this domain could interrupt the interactions between these two regulators. 
To test this hypothesis, I generated and expressed mutants of HahK, lacking all or a portion of 
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the N-terminal 200 amino acids, that, I hypothesized, would be unable to interact with HnoX. I 
designed two N-terminal truncation mutants that would result in stably produced protein. One 
contained a truncation of the first 100 amino acids and one had a truncation of the first 200 
amino acids (Fig. 38A). I included an epitope tag in my construct to assess protein stability. I 
introduced the two N-terminal truncation constructs into a hahK deletion mutant and assessed the 
timing of wrinkled colony development. 
I expected that if HahK interacts with HnoX, then a ΔbinK ΔsypE sypF2 ΔhahK strain 
expressing one of the N-terminal truncation constructs would exhibit wrinkled colony formation 
with the same precocious timing as the ΔhnoX mutant. If the N-terminal truncation mutant still 
interacts with HnoX, then strains overexpressing the N-terminus might exhibit similar timing in 
wrinkled colony development as a ΔbinK ΔsypE sypF2 strain. I found that a hahK mutant 
expressing either of the N-terminal truncation mutants remained unable to form biofilms (Fig. 
38B), suggesting that the N-terminal truncation mutants are non-functional mutants. Sequencing 
results suggest both truncations are intact. Western blot analyses suggest that only HahK 
containing the truncation of the first 200 amino acids is produced (Fig. 38C), further suggesting 
a protein with a truncation of the first 100 amino acids is unstable. 
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Figure 38. Evaluation of HahK Truncation Mutants. (A) Schematic for HahK truncation 
mutants. (B) A hahK mutant restored by either of the N-terminal truncation mutants remained 
unable to form biofilms, suggesting that the N-terminal truncation mutants are non-functional 
mutants. Sequencing results suggest both truncations are intact. (C) Western blot analysis of HA-
tagged derivatives of HnoX with anti-HA antibody. Strains expressing either wild-type or 
mutants were grown overnight at 28°C. Strains were standardized to OD600=1 in 1 ml, pelleted, 
and lysed in 200 ul of 2X sample buffer. Lanes were loaded with 10 ul of whole cell lysates onto 
gels. Membranes were probed with anti-HA antibody. Preliminary Western blot analyses suggest 
that only the truncation of the first 100 amino acids is produced. 
 
A HahK Truncation Mutant Overcomes HnoX-Mediated Inhibition. 
HnoX and HahK are predicted to interact but very little is known about the interaction. 
While the C-terminus of HahK contains HisKA, HATPase, and REC domains, the N-terminus 
contains a predicted coiled-coil domain but is not similar to known domains. The N-terminus of 
HahK could comprise an HnoX-interacting domain. In an alternative approach to truncating the 
N-terminus of HahK, I overexpressed the N-terminus of HahK (Fig. 39A). A hahK+ and hnoX+ 
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strain overexpressing of the N-terminus of HahK might overcome HnoX-mediated inhibition. 
HnoX bound to the N-terminus of HahK might allow full-length HahK to promote biofilm 
formation. A hnoX+ hahK+ biofilm competent strain expressing the hahK N-terminus construct 
exhibited early wrinkled colony development compared the parent strain with a vector control, 
which exhibited a 4-hour delay in the start of wrinkled colony formation (Fig. 39B). These 
results suggested that HnoX could bind to the HahK-N-terminus allowing full-length HahK to 
promote biofilm formation. This suggests the N-terminus of HahK may serve as an interacting 
domain with HnoX. 
 
Figure 39. A HahK Truncation Mutant Overcomes HnoX-Mediated Inhibition. (A) 
Schematic of HahK-N-term mutation. (B) Development of wrinkled colony morphology of 
binK sypE sypF2 (KV7856) expressing either the vector control (VC; pCMT32) or a plasmid 
overexpressing hahK-N-term-HA (pCMT33) was assessed at the indicated times.  
 
Nitric Oxide Inhibits Biofilm Formation. 
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In other bacterial systems, it is the NO-bound form of HnoX that inhibits downstream 
processes (Iyer et al. 2003). Given that V. fischeri HnoX binds NO (Wang et al. 2010), I 
predicted that NO would inhibit biofilm formation. The impact of NO was readily observed in 
liquid cultures, both shaking (macroscopic/cohesive cell clumping) and static (pellicles). 
Addition of 1 mM DETA-NONOate prevented pellicle formation, while lower concentrations 
(125 μM) delayed the development of pellicle formation (Fig. 40). Even at the highest 
concentrations evaluated, growth of V. fischeri was not substantially impaired. Together, these 
data indicate that NO inhibits biofilm formation by V. fischeri. 
 
Figure 40. NO Inhibits Biofilm Formation. (A) Compared to adding water, the vehicle for 
DETA NONOate, at equivalent volumes, NO inhibits pellicle formation and (B) cell clumping of 
the ΔbinK ΔsypE sypF2 strain at every concentration tested. White arrows indicate robust 
pellicle formation 
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Nitric Oxide Inhibition Depends on HahK and HnoX. 
I predicted that, if NO functions to control biofilm through HnoX, then an hnoX mutant 
should fail to respond to NO addition. Indeed, pellicles formed by the hnoX mutant were similar 
in the presence and absence of low concentrations of a NO-generator, although high 
concentrations altered the appearance of the pellicles (Fig. 41). Pellicles formed by the hnoX 
mutant failed to form wrinkles in the presence of high concentrations of NO. While the addition 
of NO abrogated calcium-induced shaking cell clumping biofilms formed by the biofilm-
competent parent strain, the addition of the NO-generator had no impact on the ΔhnoX strain 
grown under the same conditions (Fig. 41). Even in the presence of high DETA NONOate 
concentrations, the ΔhnoX strain formed robust rings and clumps (Fig. 41). Complementation of 
ΔhnoX with wild-type hnoX restored turbidity to cultures in the presence of the NO-generator 
(Fig. 41). These results suggest that NO and HnoX mediate the inhibition of Syp-dependent 
biofilm clumps. 
I further hypothesized that, in the absence of the HnoX-HahK regulatory pathway, an 
otherwise polysaccharide producing strain would no longer be susceptible to NO. I assessed the 
ability of a hnoX-hahK mutant to form calcium-induced biofilm clumping in liquid culture in the 
presence of NO. At 1 μM of NO-generator, the single hnoX and hahK single mutants were able 
to form cellular clumps in liquid culture at 16 hours (Fig. 42). I found that the hnoX-hahK double  
mutant was also able to form cell clumps in the presence of NO-generator (Fig. 42). The 
phenotype of the hnoX-hahK double mutant could not be restored by complementation with 
hahK phosphotransfer mutants (Fig. 42). These data indicate that NO inhibits biofilm formation 
through the HnoX-HahK regulatory network. 
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Figure 41. NO Inhibition of Biofilm Formation Depends on HnoX. (A, C, E) The ΔbinK 
ΔsypE sypF2 ΔhnoX strain forms a pellicle even in the presence of high concentrations of DETA 
NONOate compared to the ΔbinK ΔsypE sypF2 strain, which is inhibited for pellicle formation. 
Robust pellicle formation is indicated by the white arrows. (B, D, F) The ΔbinK ΔsypE sypF2 
ΔhnoX forms cell clumps in liquid culture supplemented with calcium compared to the ΔbinK 
ΔsypE sypF2 strain, which does not form clumps. Complementation with hnoX abrogates cell 
clumping in the hnoX mutant in the presence of NO. 
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Figure 42. NO Inhibition Depends on the HnoX-HahK Pathway. (A) Representative images 
of KV7856 ΔhnoX + hnoX-P114A (KV8177) grown in shaking cell clumping assays in LBS 
containing 10 mM calcium were captured after 24 hr of incubation. -, no addition; VC, vehicle 
control (water). 50 μM of the NO generator DETA NONOate was supplemented to cultures. (B 
and C) Representative images of strains grown in shaking cell clumping assays in LBS 
containing calcium (10 mM) were captured after 24 hr of incubation. Cells were grown in the 
presence (B) or absence (C) of 50 μM of the NO generator DETA NONOate. For both B and C, 
the following strains were assessed: the parent strain (KV7856); KV7856 ΔhnoX (KV8150); 
KV7856 ΔhahK (KV7956); KV7856 ΔhnoX-hahK (KV8493); KV7856 ΔhnoX-hahK + hahK-
HA (KV8507); KV7856 ΔhnoX-hahK + hahK-H222Q-HA (KV8504); KV7856 ΔhnoX-hahK + 
hahK-D506A-HA (KV8503). 
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Nitric Oxide Inhibits syp Transcription. 
As an inhibitor of biofilm formation, NO might control syp transcription through the 
HnoX-HahK regulatory pathway. As previously observed, a biofilm competent strain (hnoX+) 
exhibited lower levels of syp transcription compared to a biofilm competent strain deficient for 
hnoX (Fig. 43). In the presence of the NO-generator, syp transcription was completely abrogated 
in the biofilm competent stain (hnoX+) (Fig. 43). In contrast, syp transcription was highly 
induced (24-fold) in the absence of hnoX, regardless of the presence of the NO-generator (Fig. 
43), suggesting that NO inhibits syp transcription via HnoX. 
 
Figure 43. NO Controls syp Transcription via HnoX-HahK. Strains expressing PsypA-GFP 
were grown in TMM overnight at 24°C in duplicate. Strains were sub-cultured the next day to 
OD600=0.05. After three hours sub-culturing, 500 μM DPTA NONOate was added to half of the 
cultures. The fluorescence and OD were measured every hour. The fluorescence/OD600 for each 
strain was normalized to the ΔbinK ΔsypE-sypF strain, the negative control, at every time point 
to generate the normalized fluorescence.  
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HnoX Inhibits Symbiotic Biofilm Formation. 
Previous evidence demonstrated that an hnoX mutant outcompetes wild-type strains for 
colonization (Wang et al. 2010), and my results indicate that hnoX functions as a negative 
regulator of biofilm formation. One hypothesis is that an hnoX mutant colonizes more efficiently 
because it forms a better biofilm. To test this possibility, juvenile, aposymbiotic squid were 
exposed to approximately 3x106 of bacteria for three hr and the symbiotic biofilms (aggregates) 
formed by ΔhnoX cells were measured and compared to hnoX+ aggregates. The hnoX mutant 
formed aggregates that consisted of a significantly larger surface area compared to the hnoX+ 
control. These results suggest that hnoX negatively regulates symbiotic biofilms, which may 
account, at least in part, for the colonization advantage of an hnoX mutant. 
Summary.   
In this third section, I probed the HnoX-HahK regulatory pathway in biofilm formation. I 
found that HnoX inhibits biofilm formation in the form of wrinkled colonies and pellicles via 
HahK. Deletion of hnoX resulted in early biofilm formation dependent on active alleles of hahK. 
I assessed hnoX mutants and generated an increased activity allele of hnoX that severely delayed 
wrinkled colony formation. I generated a HahK truncation mutant that is able to overcome 
HnoX-inhibition. Finally, the addition of a NO-generator abrogated pellicle formation and cell 
clumping. NO-dependent inhibition of biofilm formation required hnoX and occurred at the level 
of transcription. 
These results suggest NO-bound HnoX inhibits the activity of HahK, thus inhibiting 
biofilm formation. This work has uncovered the first host-relevant signal controlling biofilms 
and a mechanism for inhibition of biofilm formation by V. fischeri. This work has expanded our 
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understanding of the regulation of biofilm formation. The study of HnoX permits us to 
understand not only the mechanism for control of biofilm formation in the context of a host, but 
also the function of HnoX domain proteins as regulators of important bacterial processes. 
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CHAPTER FOUR  
DISCUSSION 
Introduction 
 The goal of my dissertation was to advance our understanding of the regulatory networks 
that control biofilm formation by V. fischeri. Biofilm formation is the first and required step in 
the colonization of E. scolopes by V. fischeri. Biofilm formation in V. fischeri is tightly 
regulated, and many regulators that positively and negatively influence biofilm formation have 
been identified. The V. fischeri model of biofilm formation is well-characterized and utilizes 
readily visualized in vitro phenotypes, wrinkled colonies, pellicles, and cell clumping, to 
determine the contribution of specific genes to biofilm formation. Mutations can easily be moved 
into the chromosome to assess their ability to promote or inhibit biofilm formation. Previous 
work has identified multiple SKs and RRs that are a part of the Syp TCS pathway (Hussa et al. 
2007, Darnell et al. 2008, Hussa et al. 2008, Morris et al. 2010, Morris et al. 2013, Morris et al. 
2013, Norsworthy et al. 2015, Brooks et al. 2016). Recent work identified HahK as a positive 
TCS regulator of Syp (Tischler et al. 2018). HahK is encoded downstream of the gene for HnoX, 
a NO-sensor previously identified as a negative regulator of colonization (Wang et al. 2010). It 
was unclear how HnoX might negatively control colonization. I hypothesized that, given its 
genetic location upstream of HahK, HnoX might function in biofilm formation.  
 The goals of this dissertation were to identify a genetic background to study the impact 
of hnoX on biofilm formation and to determine the role of HnoX in biofilm formation. As part of
 
 
 
 
this work, I clarified roles for other regulators, including SypE and SypF. The first step in 
investigating HnoX function was to identify the appropriate in vitro conditions, including the 
best medium and strain background, to assess an hnoX mutation. I first optimized conditions to 
assess biofilm formation by the binK mutant and identified factors that are required for calcium-
induced wrinkled colony formation in the absence of BinK. The lab had previously engineered a 
strain to be defective for two negative regulators of biofilm formation. This strain, KV7856, 
forms wrinkled colonies on solid medium in the absence of supplemental calcium. KV7856 also 
carried a previously unidentified mutation that I characterized. I chose the KV7856 background 
to assess the impact of hnoX because it forms robust biofilms in the absence of overexpression or 
biofilm-inducing signals. The impact of an hnoX mutation was most readily observed in this 
background. I used this genetic background to assess two regulators of biofilm formation, HnoX 
and HahK.  
Through completion of this dissertation, I determined the functions of HahK and HnoX in 
vitro in the context of different biofilm assays, including wrinkled colony formation, pellicle 
formation, shaking cell clumping, and microscopic aggregation. I ascertained that HnoX 
negatively regulates biofilm formation at the level of syp transcription and its effects are 
dependent on the presence of HahK. I found that NO inhibits biofilm formation at the level of 
syp transcription, and inhibition is dependent on HnoX. Below, I will summarize my results, 
discuss how my results demonstrate the novel mechanisms by which HnoX and HahK control 
biofilm formation and how our understanding of NO-mediated control of biofilm formation 
relates to the squid and colonization. Where appropriate, I will suggest additional experiments 
that can further our understanding of the regulatory mechanisms that control biofilm formation. 
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Wrinkled Colony Formation in the Absence of BinK and the Role of Calcium 
 BinK is a recently identified regulator of Syp (Brooks et al. 2016, Pankey et al. 2017, 
Tischler et al. 2018), and induces biofilm formation in liquid culture in response to 10 mM 
calcium (Tischler et al. 2018). Although, in initial experiments, the binK mutant formed 
abnormal wrinkled colonies with divots when grown on plates supplemented with the same 
calcium concentration, I identified conditions under which ΔbinK formed optimal wrinkled 
colonies. Specifically, I found that the binK mutant formed normal wrinkled colonies without 
divots on plates supplemented with calcium that were allowed to dry for only approximately 24 
hours. It is possible that robust biofilms are observed on “wetter” plates as the moisture helps to 
hydrate and provide structure to the biofilm. Similarly, Pseudomonas aeruginosa utilizes 
rhamnolipid surfactants to maintain void spaces surrounding microcolonies, thus maintaining the 
elaborate 3D structure of the biofilm (Davey et al. 2003). On plates supplemented with low 
concentrations of calcium (5 mM), the binK mutant and KV7856 formed similar wrinkled 
colonies, while wrinkling was delayed in the presence of high concentrations of calcium (≥10 
mM). This was similar to previous experiments where high concentrations of calcium inhibited 
wrinkled colony formation (Marsden et al. 2017). Thus, 5 mM calcium was chosen as the 
optimal calcium concentration to promote wrinkled colony formation. I identified conditions 
under which ΔbinK formed optimal wrinkled colonies that will provide others with the blueprint 
for assessing biofilm formation. 
Calcium induces two distinct polysaccharide biofilms in shaking cell clumping assays, 
Syp and cellulose (Tischler et al. 2018). I assessed if Syp and cellulose contributed to wrinkled 
colony formation on solid medium supplemented with calcium by the binK mutant, and I found 
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that the ability of a binK mutant to form wrinkled colonies on solid agar supplemented with 
calcium depended on Syp, as neither binK sypK nor binK sypQ mutants formed wrinkled 
colonies. Interestingly, the binK sypK mutant produced colonies that appeared dark compared to 
the binK sypQ mutant that produced colonies that appeared light. SypQ is a predicted membrane-
embedded glycosyltransferase, and SypK is a predicted flippase. Both sypK and sypQ mutants 
are deficient for biofilm formation and Syp production. Syp production was previously assessed 
by isolating the PS from cells and detecting Syp by immunoblot analysis with a biofilm-specific 
antibody (Shibata et al. 2012). It is possible that in the binK background in the presence of 
calcium, a sypK mutant is able to produce Syp or Syp fragments but is unable to export the sugar, 
thus giving the cells a dark appearance, although a sypK mutant is deficient for Syp production. 
Syp produced by a sypK mutant may not associate with the LPS and therefore, would not be 
detected in previous assays. In contrast, a sypQ mutant is predicted to be unable to build/modify 
Syp. The lack of Syp production could, in part, explain the light colonies observed. Similar color 
phenotypes were observed with RscS overexpression conditions (Appendix). 
 Work by myself and others have identified regulators that are required for calcium-
induced phenotypes in the absence of BinK, namely SypG and the Hpt domain of SypF. Work by 
others in the Visick lab, using calcium-induced phenotypes, genetically identified HahK as a 
potential phosphodonor to the Hpt domain and revealed a mutant phenotype in vitro for an rscS 
mutant (Tischler et al. 2018). It is thought that the function of RscS is masked by redundancy 
with the activities of other sensors, SypF and HahK. This leads to the question, why does V. 
fischeri exert so much control over biofilm formation? It is possible that V. fischeri exerts this 
level of control to ensure biofilm formation occurs at the correct time and place, in the context of 
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the squid. The sensors could integrate multiple signals from the environment and/or the host to 
maximize the probability of forming a biofilm near the pores, facilitating colonization. 
My analysis of the role of HahK in biofilm formation expanded the preliminary work of 
others. I explored the impact of a hahK mutation in different biofilm assays and in various 
genetic backgrounds. The impact of a hahK deletion was most readily observed in KV7856 
(ΔbinK ΔsypE sypF2), where a mutation in hahK largely abrogated wrinkled colony architecture 
but permitted cohesive colonies, suggesting other positive regulators could promote Syp 
production in the absence of HahK. HahK also contributed to cohesive phenotypes in a binK 
sypF-hpt mutant background in the absence of calcium. Strains that produce cohesive colonies 
may produce Syp that is below the threshold necessary to promote wrinkled colony formation. 
The addition of calcium could promote Syp production to meet the threshold necessary for 
wrinkled colony formation or calcium could function through another biofilm-promoting 
pathway. 
While calcium-induced biofilm phenotypes were instrumental in identifying HahK as a 
positive regulator of biofilm formation in a strain deficient for binK sypF and complemented 
with the Hpt domain of SypF, a binK hahK mutant did not exhibit any wrinkled colony 
deficiencies on solid agar supplemented with calcium in my preliminary experiments. Calcium is 
demonstrated to be a potent inducer of biofilm formation (Tischler et al. 2018), and it is possible 
that the importance of HahK is not observed in this genetic background because of the potency 
of calcium, similar to overexpression studies that failed to identify HahK as an important 
regulator of biofilm formation. It is also likely that the presence of SypF can compensate for the 
lack of HahK in the binK hahK mutant, resulting in wrinkled colony formation. This is similar to 
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the control of bioluminescence in Vibrio harveyi where multiple TCS regulators control 
bioluminescence in a cell-density dependent manner (Ng et al. 2009). Loss of a single one of the 
SKs does not prevent cell-density dependent control over bioluminescence (Ng et al. 2009). 
Similarly, the loss of a single biofilm regulator in V. fischeri does not prevent biofilm formation 
under calcium-induced conditions. 
 How a binK mutant responds to calcium and promotes calcium-dependent phenotypes 
remains unclear. Calcium supplementation permits a binK mutant to form biofilms, including 
wrinkled colonies on plates, pellicles in static culture, and clumps/rings in shaking cultures; these 
calcium-induced phenotypes do not require any additional mutations (e.g., sypE or sypF) 
(Tischler et al. 2018). It remains unclear how the calcium exerts these effects and how it 
overcomes the inhibitory activities of SypE and SypF. One simple explanation is that calcium 
induces phosphorylation of SypF (e.g., by activating its kinase activity (Tischler et al. 2018)). 
SypF would, in turn, inactivate SypE (Morris et al. 2011, Norsworthy et al. 2015). However, 
calcium can induce biofilm formation by the binK mutant that only expresses SypF-Hpt, 
suggesting that this explanation is not sufficient. 
Alternatively, calcium could inactivate SypE directly. However, SypE does not contain 
any putative calcium binding domains, making this scenario unlikely. Calcium could act, in part, 
as a signal to RscS to inactivate SypE via phosphorylation. However, a strain deficient for binK 
and rscS was proficient to form calcium-induced biofilm phenotypes (Tischler et al. 2018). 
Evidence presented in the appendix support that calcium does not directly inactivate SypE. The 
addition of calcium to a wild-type strain, under conditions in which RscS could presumably 
sense calcium and in response, inactivate SypE, does not promote robust biofilm formation, 
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suggesting the presence of BinK is enough to inhibit biofilm formation. Calcium, while perhaps 
overriding SypE inhibition, cannot overcome BinK inhibition. The evidence suggests that the 
response to calcium does not occur through a Syp regulator alone, and it may not occur through a 
single regulator. The role of SypE in calcium-induced phenotypes may become clearer upon the 
discovery of a calcium-responsive sensor. Further work will aim to identify the calcium 
sensor(s).  
The Role of SypF2 in Promoting Biofilm Formation 
V. fischeri exerts substantial control over the production of biofilms. Much of that 
regulation is exerted by two-component regulators, functioning positively or negatively. Most, 
but not all, of that regulation impacts biofilms at the level of transcription of the syp locus. In the 
second section of my dissertation work, I identified a set of three TCS regulators, BinK, SypE, 
and SypF, that work to prevent wild-type strain ES114 from forming biofilms under standard 
laboratory conditions.  
BinK and SypE had previously been shown to function as negative regulators (Morris et 
al. 2013, Morris et al. 2013, Brooks et al. 2016, Pankey et al. 2017, Tischler et al. 2018). The 
exact function of BinK is not yet known, but BinK negatively impacts syp transcription (Brooks 
et al. 2016, Tischler et al. 2018). The impact of BinK is most apparent when V. fischeri cells are 
grown with calcium: loss of BinK permits a substantial (3-fold) induction of syp transcription in 
response to calcium and cells form cohesive clumps. In contrast, SypE appears to work post-
transcriptionally as a serine kinase/serine phosphatase. While the target of SypE’s activity is 
known, how phosphorylation of the target impairs biofilm production remains unknown. The 
impact of SypE is also substantial: wild-type cells that overexpress the direct syp transcription 
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factor, sypG, fail to form wrinkled colonies unless sypE is deleted. Because of these findings, 
that BinK prevents induction of syp transcription and SypE prevents wrinkled colony formation 
despite induction of syp transcription, it was reasonable to hypothesize that the two negative 
regulators were sufficient to prevent biofilm formation, and initial data supported that 
hypothesis. 
A previously generated binK sypE mutant formed wrinkled colonies on solid agar in the 
absence of supplemental calcium. This result suggested that BinK and SypE together are 
sufficient to inhibit wrinkled colony formation. However, independent generation of additional 
binK sypE mutants failed to promote similar wrinkled colony formation. Analyses of the 
additional binK sypE mutants led to the discovery that the original sypE mutant, used in 
numerous studies, carried an additional mutation, a point mutation in sypF. This mutation was 
present in the original sypE mutant but not in wild-type. I found that this point mutation, while 
impacting the magnitude of the effect of the sypE mutation on wrinkled colony formation, was 
not responsible for it. Thus, past work investigating the role of SypE remains valid. 
The point mutation in sypF was identified as a one-base deletion early in the gene and is 
predicted to cause a frame-shift mutation that should disrupt the function of this gene. Because 
past work had demonstrated that SypF plays a vital positive role in biofilm formation, with the 
C-terminal Hpt domain necessary and sufficient for SypF function, I hypothesized that the point 
mutation must not prevent expression of the Hpt domain. Several lines of evidence supported 
this conclusion: (1) a triple deletion mutant, ΔbinK ΔsypE-F, fails to form biofilms, indicating 
that function of SypF is required; (2) biofilm formation by the triple deletion mutant can be 
restored, albeit not with the same timing, by expression of SypF-Hpt; and (3) the ΔbinK ΔsypE 
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sypF2 strain, but not the ΔbinK ΔsypE-F or ΔbinK ΔsypE strains, produces high levels of syp 
transcription. 
 These findings demonstrate that SypF2 is not only functional but has increased positive 
activity relative to wild-type SypF. Expression of full-length SypF in the ΔbinK ΔsypE-F triple 
mutant fails to restore wrinkled colony formation, unlike expression of the Hpt domain. 
Furthermore, expression of wild-type SypF delays biofilm formation by ΔbinK ΔsypE sypF2.  
Together, these data indicate that full-length SypF exhibits inhibitory activity. Because many 
sensor kinases also function as phosphatases, it is likely, given our results, that wild-type SypF 
can function as a phosphatase to inhibit syp transcription and biofilm formation. I hypothesize 
that SypF2 lacks the N-terminal signaling domain, and thus contains only the kinase and 
downstream signal transduction domains. This perturbation of SypF could cause separation 
between the signal transduction domains and the natural control mechanism that, presumably, 
promotes phosphatase activity, permitting increased activity, as observed. Thus, I conclude that 
SypF functions both as a positive and a negative regulator of biofilm formation by V. fischeri, 
with the negative activity dominating under the conditions used here. Although additional work 
will be necessary to determine what signal(s) control the activities of SypF, these studies provide 
conditions under which such a signal(s) can be identified. 
My work included an assessment of a variety of strains that contained active forms of 
only one or two of the three negative regulators. Single ΔbinK, and double ΔsypE sypF2 and 
ΔbinK ΔsypE (sypF+) mutants produced smooth colonies, with only the latter strain producing 
slight colony architecture and cohesion after prolonged growth. Subsequent experiments by 
others determined that that a ΔbinK mutant that expresses HA-tagged SypF produced colonies 
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with 3D architecture, albeit after ~2 days of growth. The additional absence of sypE resulted in 
robust wrinkled colony development. These data suggest that the HA tag perturbs SypF’s 
negative regulatory function to nearly the same extent as the original sypF2 mutation. Together, 
these data indicate that all of these negative regulators contribute to preventing wrinkled colony 
formation, with BinK potentially being most important. These results, in addition to my findings, 
identify BinK, SypE, and SypF as negative biofilm regulators in the absence of calcium; whether 
calcium inactivates the SypE- and/or SypF-dependent negative regulatory mechanisms or by-
passes them remains to be determined. 
In summary, this work advances our understanding of biofilm control by V. fischeri by 
identifying a set of three negative regulators whose coordinate activities prevent biofilm 
formation. This study also reports the first observation of a negative regulatory activity for SypF, 
a protein whose activity is required for biofilm formation. Together, these findings underscore 
the importance of biofilm control to V. fischeri as well as reveal conditions under which signal 
transduction processes can be investigated. As such, this work also produced a genetic 
background in which I could readily assess the impact of HnoX and HahK on biofilm formation. 
NO and the HnoX-HahK Regulatory Network 
V. fischeri maintains several mechanisms to control biofilm formation. Most of the 
regulation is negative. BinK inhibits transcription of the syp locus (Brooks et al. 2016, Tischler et 
al. 2018), and SypE post-transcriptionally regulates Syp production (Morris et al. 2011, Morris et 
al. 2013, Morris et al. 2013). Additionally, SypF has been identified as a negative regulator under 
certain conditions. In this work, I identified a fourth negative regulator HnoX, that controls the 
production of Syp in response to a host-relevant signal, nitric oxide (NO). 
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NO has previously been described as an important signaling molecule in mammals (Fang 
2004), and more recently, has been implicated in bacterial processes such as quorum sensing, 
biofilm formation, and dispersal (Price et al. 2007, Carlson et al. 2010, Liu et al. 2012, 
Muralidharan et al. 2012, Plate et al. 2012, Henares et al. 2013, Hossain et al. 2017). NO was 
identified as a signal in the Vibrio-squid symbiosis: the squid secretes mucus containing host-
derived NO. The mucus serves as the substrate for bacterial biofilm formation by V. fischeri 
(Nyholm et al. 2002). The presence of inhibitors of NO during colonization results in increased 
non-symbiotic aggregate formation (Davidson et al. 2004), suggesting NO inhibits biofilms, but 
the impacts of NO on symbiotic biofilm formation remained unknown. 
An insight into the role of NO in the Vibrio-squid symbiosis came with the identification 
of HnoX, a NO-sensor. An hnoX mutant exhibited a colonization advantage compared to wild-
type cells (Wang et al. 2010), leading to the hypothesis that HnoX senses NO and, in response, 
coordinates detoxification of NO during colonization. However, HnoX does not induce 
expression of enzymes that neutralize NO, but rather HnoX alters the expression of genes for 
iron acquisition. HnoX also suppresses the ability of cells to grow on hemin as the sole iron 
source in response to NO (Wang et al. 2010). It was postulated that HnoX suppresses hemin 
accumulation to prevent an increase in intracellular iron that would lead to the generation of 
hydroxyl radicals through the Fenton reaction. However, the inability to uptake iron negatively 
impacts the bacteria’s ability to persist in the light organ (Graf et al. 2000, Septer et al. 2011), 
suggesting the light organ is a relatively low iron environment, and bacteria must acquire iron to 
survive. While iron plays a complex role during symbiosis and its acquisition is regulated, in 
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part, by NO and HnoX, it remained unclear how a mutation in hnoX might result in more 
efficient colonization. 
HnoX is encoded upstream of a known positive regulator of biofilm formation, HahK 
(Tischler et al. 2018), and several lines of evidence presented here suggest HnoX functions as a 
negative regulator in biofilm formation. When an hnoX mutation was moved into distinct genetic 
backgrounds, the resulting strains exhibited enhanced biofilm phenotypes. HahK is required for 
enhanced hnoX phenotypes, indicating HahK is epistatic to HnoX. Furthermore, NO inhibits 
biofilm formation, in agreement with previous data that NO restricts non-symbiotic bacterial 
aggregation (Davidson et al. 2004). NO-mediated biofilm inhibition depends on the presence of 
hnoX. Interestingly, an hnoX mutant failed to form pellicles with 3D architecture in the presence 
of NO, suggesting NO impacts other cell processes that might contribute to biofilm architecture 
and maturation. Biofilm architecture and maturation in V. fischeri are characterized by the 
appearance of wrinkling in biofilm assays. A novel set of matrix proteins, Bmp (biofilm 
maturation proteins), were previously identified that promoted biofilm maturation, particularly 
wrinkling in colonies on solid agar and wrinkling in pellicles (Ray et al. 2015). It is possible that 
NO impacts other cellular processes, including Bmp-mediated biofilm maturation.  
Many studies have characterized the structure of H-NOX proteins and the interaction 
between H-NOX proteins and their substrate. Several studies have examined the impact of 
mutations in H-NOX on substrate binding. In Thermoanaerobacter tengcongensis, mutation of 
proline 115 to alanine increased the affinity of HnoXTt for its substrate, oxygen (Olea et al. 
2008), but the biological relevance of this mutation remains unknown. In Shewanella woodyi, a 
similar mutation of proline 117 to alanine in HnoXSw had a similar effect on the cognate 
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phosphodiesterase as did wild-type NO-bound HnoXSw (Muralidharan et al. 2012), suggesting 
that the P117A mutation mimicked the NO-bound HnoXSw. In this study, I demonstrate the 
biological relevance of a similar mutation in V. fischeri HnoX. Strains expressing hnoX-P114A 
exhibit a delay in wrinkled colony development, although there is no defect in shaking cell 
clumping in the absence of NO. In contrast, the addition of NO inhibited shaking cell clumping 
in strains expressing wild-type HnoX. These results suggest that HnoX-P114A does not mimic 
the NO-bound form of HnoX. Indeed, HnoX-P114A was still sensitive to NO, and the addition 
of NO inhibited shaking cell clumping by strains expressing HnoX. Similarly, the HnoXSw-
P117A was sensitive to NO (Muralidharan et al. 2012). HnoXSw-P117A is predicted to inhibit 
biofilm formation in S. woodyi, but this was never assessed. Given the sensitivity of HnoXSw-
P117A to NO, assessing HnoXSw-P117A phenotypically in biofilm assays might change the 
interpretation of the consequence of the P117A mutation. My results that strains expressing 
hnoX-P114 are sensitive to lower NO concentrations than strains expressing wild-type hnoX 
suggest that in V. fischeri, HnoX-P114A may have greater affinity for NO than wild-type HnoX. 
HnoX-P114A is the first characterized HnoX point mutant in V. fischeri, and this work 
represents the first characterization of an HnoX mutant with increased inhibitory activity in a 
biological process.  
If HnoX-P114A has greater affinity for NO in V. fischeri than wild-type HnoX in the 
absence of exogenous NO, then what is the source of NO? Some bacteria encode nitric oxide 
synthase (NOS) enzymes that produce NO (Crane et al. 2010). V. fischeri does not encode a 
NOS but does encode a putative nitrite and/or nitric oxide reductase, NnrS, that is predicted to 
reduce nitrite to NO in the denitrification process (Bartnikas et al. 2002). NnrS function remains 
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unknown, but the protein shares 33% identity with NirS, the nitrite reductase enzyme in P. 
aeruginosa that reduces nitrite to NO (Cutruzzola et al. 2016). Work by others suggest V. fischeri 
is capable to producing endogenous NO when iron is limited, and nitrite or nitrate is present, and 
NnrS could potentially serve as a source of NO. In experiments to determine endogenous NO 
production by V. fischeri, the activity at the aox promoter, a gene induced by NO, was monitored 
using an aox-lacZ reporter as a proxy for NO production. Promoter activity was increased in a 
minimal medium, either glycerol or GlcNAc based, with low iron concentrations in the presence 
of nitrite or nitrate. Promoter activity was induced under anaerobic, but not aerobic, conditions 
(Anne Dunn, personal communication). This hypothesis can be easily assessed by generating a 
nnrS mutation in the binK sypE sypF2 background. If NnrS is responsible for endogenous NO 
production, the mutant should exhibit similar timing in wrinkling as the hnoX mutant. 
While much is known about the structure of H-NOX proteins and the interaction between 
H-NOX proteins and NO, little is known about the interaction between H-NOX proteins and 
their cognate partner. Several studies have shown that H-NOX directly interacts with a cognate 
histidine kinase (e.g. HnoXSo and HnoK in S. oneidensis (Price et al. 2007), HnoXPa and HahK in 
P. atlantica (Arora et al. 2012), HnoXVh and HqsK in V. harveyi (Henares et al. 2012)). In data 
presented here, HahK is epistatic to HnoX in biofilm phenotypes and in transcriptional assays, 
suggesting HahK and HnoX function in the same pathway. I further generated a truncation 
mutation in HahK that potentially prevents inhibition by HnoX. In a preliminary experiment, 
strains expressing the N-terminus of HahK in a hnoX+ hahK+ background exhibited precocious 
wrinkling compared to the same strain background with a vector control. These results suggested 
HnoX binds to the N-terminus of HahK. If this result is reproducible, I identified the first known 
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interacting partner for HnoX in V. fischeri and the first known H-NOX/histidine kinase 
interacting region. Future studies will use biochemical approaches to probe the ability of HnoX 
to interact directly with HahK. Further mutagenesis of HahK can probe specific residues that are 
important for function and interaction. 
This is the first study that links the NO/HnoX pathway to a histidine kinase, HahK, in V. 
fischeri, and this study demonstrates the downstream impact on polysaccharide production 
through an alteration in transcription. Many H-NOX proteins interact with a downstream 
histidine kinase that in turn, controls an adjacent diguanylate cyclase (DGC) or 
phosphodiesterase (PDE) (Iyer et al. 2003, Boon et al. 2005). DGC and PDE enzymes control the 
production and degradation of c-di-GMP, a small signaling molecule that regulates bacterial 
behaviors such as motility and biofilm formation. Only two other systems have described H-
NOX regulatory pathways that do not involve c-di-GMP: V. harveyi and P. aeruginosa. In V. 
harveyi, the H-NOX protein feeds into the Lux pathway to enhance bioluminescence (Henares et 
al. 2012). In P. aeruginosa, the NO-sensing protein inhibits an associated histidine kinase that 
facilitates phosphoryl transfer to an Hpt domain, but how the H-NOX controlled phosphoryl 
transfer impacts phenotypes remain unknown (Hossain et al. 2017). The data presented here 
demonstrate that HnoX controls Syp production at the level of syp transcription via HahK in 
response to NO. HahK is thought to act as a phosphodonor for the Hpt of SypF (Tischler et al. 
2018), and HahK promotes syp transcription through the Hpt domain of SypF (Alice Tischler, 
personal communication). This work represents the first time NO/HnoX signaling is coupled to 
the control of polysaccharide production. 
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Evidence presented here links a signal (NO) to a sensor (HnoX) and intermediary players 
(HahK) and the relevant output (syp transcription). The data presented in this dissertation suggest 
H-NOX proteins have diverse functions in different biological pathways. The mechanism by 
which H-NOX proteins control a biological process may be similar, for example, interacting with 
a histidine kinase or controlling c-di-GMP levels, but H-NOX proteins function in diverse 
biological processes. H-NOX proteins may have opposing functions in different species, for 
example, to enhance or inhibit biofilm formation (Carlson et al. 2010, Liu et al. 2012, Plate et al. 
2012). H-NOX proteins are also found in pathways controlling quorum sensing (Henares et al. 
2012). Together, this suggests that H-NOX proteins play a dynamic role in signal transduction in 
bacteria, and H-NOX proteins have evolved to serve the needs of the bacteria in response to NO.  
Why might HnoX in V. fischeri be evolved to control Syp production? NO is a well-
characterized signal for bacteria. Notably, it functions as a dispersal signal for bacteria within a 
biofilm (Barraud et al. 2015). NO could function as a dispersal signal for V. fischeri. In the 
context of the squid host, HnoX might serve as a sensor for NO and function to prevent the 
production of more Syp through interaction with HahK. When less Syp is produced, bacteria 
within the biofilm could become less cohesive to each and the surface of the light organ. The 
decrease in Syp production could prepare cells for dispersal into the light organ. Work by 
collaborators found that a hnoX-deficient strain exhibited larger aggregates in the context of a 
squid host, and my data suggest this is due to an increase in syp transcription and more robust 
biofilm formation. In addition to its effect on Syp, NO could also serve as a dispersal signal 
acting on other cell processes, for example, by impacting motility through altering the levels of 
c-di-GMP in the cell. VF_0698 and VF_1092 are two chemotaxis proteins that were recently 
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identified. The predicted ligand of both proteins is NO (Nikolakakis et al. 2016). Although the 
contribution of either VF_0698 or VF_1092 to motility was not assessed, these two proteins 
could potentially participate in the dispersal process. Motility assays performed with exogenous 
NO added to plates and an hnoX mutant can assess if NO/HnoX play a role in motility. 
Several signals that control biofilm formation in V. fischeri have been identified. 
Arabinose induces cellulose-dependent pellicle formation (Visick et al. 2013), and calcium 
promotes the formation of cellulose-dependent rings and Syp-dependent clumps (Tischler et al. 
2018). In this dissertation, I identified a third signal, NO, that inhibits biofilm formation. The 
squid secretes NO prior to and during the colonization process (Davidson et al. 2004); thus, this 
work presents the first host-associated signal that controls biofilm formation. The identification 
of many signals that control biofilm formation begs the question: how does a bacterium balance 
different signals, positive and negative, to promote or inhibit biofilm formation? Calcium and 
NO are present-in the environment in the seawater and in the squid, respectively. The addition of 
NO abrogates the formation of calcium-induced Syp-dependent clumps. Strains are still able to 
produce a cellulose-dependent ring in the presence of both calcium and NO. These results 
suggest that, while NO is a potent inhibitor of Syp-dependent and calcium-induced biofilms, NO 
inhibition is not universal, as cells form cellulose-dependent biofilms in the presence of NO and 
calcium. It is not uncommon for bacteria to sense multiple signals that direct a single process. In 
quorum sensing systems, bacteria integrate many signals, positive and negative, and the outcome 
depends on the sensitivity of the sensor to the ligand and the interaction between sensors upon 
ligand binding (Ng et al. 2009). How V. fischeri integrates different signals to control biofilm 
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formation might become clearer upon the identification of calcium sensor. The sensitivity of 
signal binding, either calcium to its sensor or NO to HnoX, might impact the cellular response.  
The impact of NO on biofilm formation in V. fischeri may depend on oxygen availability. 
The impact of NO on biological processes in other systems is dependent on the oxygen 
availability in the environment (Cutruzzola et al. 2016). Higher concentrations of NO were 
required to inhibit pellicle formation under static conditions compared to cell clumping under 
shaking conditions, perhaps due to the availability of oxygen in either condition. Further 
experiments can be performed to assess the impact of oxygen sensing in different biofilm assays 
by moving a respiratory mutant, such as arcA, into biofilm-proficient strain KV7856 and 
assessing biofilm formation.  
Previous work identified HnoX as a NO-sensor that controls genes involved in iron 
acquisition and suppresses growth on hemin as the sole source of iron in response to NO. An 
hnox mutant exhibits a colonization advantage compared to wild-type, but adding excess hemin 
or iron decreased the competitive advantage of an hnoX mutant (Wang et al. 2010). The addition 
of hemin or iron could restrict the biofilm phenotypes observed in the hnoX mutant in the 
presence of NO. Alternatively, preliminary data by others suggest that RscS overexpressing 
strains grown in a hepes-based minimal medium with supplemental iron form enhanced biofilm 
formation. Either hypothesis could account for the decreased colonization advantage. These 
hypotheses can be assessed in shaking cell clumping assays in media supplemented with either 
hemin or iron as the sole iron source with and without NO. In shaking cell clumping assays in 
media supplemented with excess iron, I would expect the hnoX mutant to be unable to form 
cellular clumps in the presence of NO. Alternatively, wild-type cells might be less susceptible to 
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NO and could potentially form cellular clumps with the addition of excess iron. NO can bind to 
iron within heme and might be more readily taken up by an hnoX mutant, which does not 
downregulate genes for hemin receptors or transporters. This could cause an increase in 
intracellular iron concentrations, which is harmful to the bacteria, as hypothesized by Wang et al. 
Alternatively, the increase in intracellular iron bound to NO could increase dispersal in an hnoX-
independent manner.  
HnoX has previously been identified as a NO-sensor that alters the expression of iron use 
genes in response to NO (Wang et al. 2010). It was previously hypothesized that an hnoX mutant 
exhibits a colonization advantage due to its superior ability to take up iron from the environment. 
Here, I present evidence that an hnoX mutant forms a better biofilm and thus could contribute to 
more efficient colonization. Bacterial aggregation is increased in the presence of NO scavengers 
(Davidson et al. 2004, Wang et al. 2010), suggesting NO is an inhibitor of biofilm formation. My 
in vitro work demonstrates NO inhibits biofilm formation in an hnoX-dependent manner. This 
work presents the first host-derived signal that controls biofilm formation.  
Conclusion 
 My dissertation work has elucidated a novel regulatory mechanism to control biofilm 
formation in V. fischeri. I have identified a role for HnoX in the Syp regulatory network, and I 
found that HnoX controls biofilm formation via HahK in response to NO. Here, I uncovered that 
NO inhibits biofilm formation through HnoX. This work represents the first study to identify a 
host-associated signal that controls biofilm formation. 
Significance 
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The Vibrio-squid symbiosis is a well-characterized model to study microbe-host 
interactions. The first step in colonization of the squid by V. fischeri is the formation of a biofilm 
on the surface of the symbiotic organ. Many factors that impact the ability of the bacteria to 
colonize the host have been identified. One factor that influences the symbiosis is NO, a defense 
molecule secreted by the squid. The impact of NO on V. fischeri was unknown until recently. 
HnoX was identified as a NO-sensor that downregulates genes for heme utilization and a 
negative regulator of symbiotic colonization. The mechanism by which HnoX regulates 
symbiotic colonization remained unclear.  
I found that an hnoX mutation enhances biofilm formation, thus I identified HnoX as a 
negative regulator of biofilm formation. I found that HnoX inhibits biofilm formation through 
HahK, revealing an interacting partner for HnoX. I found that NO inhibits biofilm formation, 
uncovering the first host-relevant signal for biofilm formation. NO inhibition is mediated by 
HnoX and occurs at the level of syp transcription. This study couples a host-secreted signal to a 
bacterial process, biofilm formation, via HnoX, and thus reveals how an hnoX mutation might 
colonize the squid light organ more efficiently. The evidence presented in my data suggest an 
hnoX mutant forms a better symbiotic aggregate, either a more robust aggregate or an aggregate 
that forms earlier than aggregates formed by wild-type cells, due to its ability to impact syp 
transcription and promote Syp biofilm formation.  
This dissertation has unveiled a unique mechanism by which a bacterium utilizes NO to 
control biofilm formation. This study has generated the first point mutations in HnoX in V. 
fischeri and the consequence of those mutations in biofilm formation. This dissertation has 
confirmed an interacting partner, HahK, for HnoX in V. fischeri and has identified a possible 
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interacting region between HnoX and HahK. H-NOX proteins are found ubiquitously in bacteria 
and eukaryotes, and H-NOX proteins are involved in diverse bacterial processes. H-NOX 
proteins sense NO and connect this signal to an intracellular response. This allows bacteria to 
control a variety of processes, such as biofilm formation and motility, in response to external 
stimuli in various environments. This study represents that first discovery of an H-NOX protein 
that controls biofilm formation via polysaccharide production at the level of transcription in 
response to NO. NO is a key mediator of dispersal in many bacterial systems (Barraud et al. 
2015). This study reveals a mechanism by which NO could act as a dispersal agent in V. fischeri, 
in part, by decreasing syp transcription and therefore polysaccharide production through HnoX. 
Studying HnoX will lead to a greater understanding of the function of heme/nitric oxide binding 
proteins and how they regulate diverse processes. Ultimately, the information gleaned using our 
model system can be used as a tool to understand how bacteria control biofilm formation in the 
context of an infection. 
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Understanding the Role of SypA in Biofilm Formation 
In initial studies to understand the role of sypA in biofilm formation, Morris et al. 
generated a deletion mutant of sypA and found that this mutant was deficient in forming RscS- 
and SypG-induced biofilms (Morris et al. 2013). Thus, SypA is an important, required 
component in biofilm formation. The activity of SypA is regulated by another protein encoded 
by the syp locus, SypE. SypE phosphorylates a conserved serine residue, serine 56, within a 
consensus sequence of SypA (Morris et al. 2013). The response regulator SypE functions 
primarily as a strong negative regulator via NTD kinase domain, although it can also exert 
positive activity via its CTD phosphatase domain (Morris et al. 2013). As a predicted anti-sigma 
factor antagonist (Morris et al. 2010), SypA may function as such by controlling syp 
transcription. However, preliminary data suggest that SypA does not function as an anti-sigma 
factor antagonist. I made attempts to determine the level at which SypA impacts biofilm 
formation, characterize sypA phenotypes, and identify any protein(s) SypA may interact with. 
This appendix section summarizes my work to determine the function of SypA in biofilm 
formation. 
Conservation of SypA in Other Species. 
 I previously evaluated if homologs of sypA from related Vibrio species could promote 
biofilm formation (Thompson et al. 2015). Here I assessed if a sypA homolog from Aeromonas, 
AspA, was sufficient to repair a sypA biofilm defect and if a sypE Aeromonas homolog, AspE, 
could similarly inhibit biofilm formation. Interestingly, AspA was more similar than the V. 
vulnificus SypA (RbdA) was to the V. fischeri SypA, and RbdA was competent to promote 
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biofilm formation in V. fischeri. This study would provide insight into the requirements for (1) 
SypA for biofilm formation and (2) SypA-SypE interactions. 
 I found that AspE-NTD inhibits biofilm formation in both SypG- and RscS-induced 
biofilms. AspE-CTD may either promote biofilm formation by dephosphorylation of SypA or 
may not be stably produced or functional as there was no difference in wrinkling between the 
positive control strain and the strain expressing aspE-CTD (Fig. 44). I found that AspA can 
promote biofilm formation in a ΔsypA ΔsypE sypF2 mutant complemented with aspA 
overexpressing either RscS or SypG. Although strains were delayed and defective for wrinkling, 
they exhibited cohesive phenotypes indicative of polysaccharide production. ΔsypA strains 
complemented with aspA overexpressing either RscS or SypG remained smooth (Fig. 45). Given 
that AspA does not promote robust biofilm formation in RscS-induced biofilms where SypE is 
inactivated, there might not be enough AspA present to promote biofilm formation. 
Alternatively, SypE might inhibit AspA activity in RscS-induced biofilms. Additionally, the 
presence of sypF2 may impact the ability of homologous genes to complement sypE or sypA 
defects. These results suggest AspA promotes biofilm formation in the absence of SypE, 
although biofilm formation is delayed and defective compared to SypA. SypE appears to control 
AspA activity. 
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Figure 44. The Role of AspE in Biofilm Formation by V. fischeri. Development of wrinkled 
colony morphology of the following strains was assessed at the indicated times: (left) KV4320, 
KV7832, KV7833, (right) KV4859, KV5248, KV7836, KV7837. Colonies were disrupted at the 
final time point to evaluate Syp production. The NTD of AspE can inhibit wrinkled colony 
formation. 
 
 
 
 
Figure 45. The Role of AspA in Biofilm Formation by V. fischeri. Development of wrinkled 
colony morphology of the following strains was assessed at the indicated times: KV6605, 
KV6606, KV7150, KV7151, KV7834, KV7835. Colonies were disrupted at the final time point 
to evaluate Syp production. AspA promotes colony architecture and colony cohesiveness in the 
absence of SypE. 
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Evaluation of a SypA Chimera. 
 I previously evaluated the ability of SypA homologs to complement a sypA defect. I 
found that V. vulnificus SypA, RbdA, was most similar to the C-terminus of SypA. The N-
termini of the two proteins were dissimilar. RbdA was not susceptible to inhibition by SypE. I 
hypothesized that the N-terminus of the protein comprised a SypE interacting domain and 
generating a chimera of the N-terminus of RbdA and the C-terminus of SypA would produce a 
protein competent to promote biofilm formation even in the presence of SypE. Two chimeras 
were generated: one that contained the N-terminus of SypA and the C-terminus of RbdA (SypA-
RbdA) and one that contained the N-terminus of RbdA and the C-terminus of SypA (RbdA-
SypA). 
 I found that the chimeras, SypA-RbdA and RbdA-SypA, exhibited differences in the 
ability to promote biofilm under SypG and RscS biofilm induction, with the former functioning 
better (Fig.46). Differences could be due to expression levels, protein stability, or protein 
function. Additionally, the RbdA-SypA chimera construct has an extra restriction enzyme site 
that could affect the protein and protein function in biofilm formation. Neither chimera was blind 
to inhibition by SypE (Fig.46), suggesting that the more divergent N-terminus is not solely 
responsible for the ability of RbdA to, somewhat, escape inhibition. The interacting site could be 
a combination of amino acids upstream and downstream of serine 56. The SypA-RbdA chimera 
functioned better than RbdA and almost as well as SypA in RscS-induced biofilms (Fig.46), 
suggesting that the N-terminus of SypA strengthens the chimera’s ability to function compared 
to the RbdA-SypA chimera. Differences in the C-terminus do not appear to impede protein 
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function in the chimera. Differences may also be due to the presence of sypF2 may impact the 
ability of the chimera to complement the sypA defects. 
Attempts to Determine if SypA Interacts with GTP. 
 SypA contains a DxxG motif that is found in many GTP binding proteins. One 
hypothesis is that SypA acts as a cofactor for another protein by binding GTP. GTP-bound SypA 
could deliver the GTP to another protein that uses it as energy for an enzymatic reaction, perhaps 
building or exporting the polysaccharide. Three mutations were generated and sub-cloned into 
pJet in E. coli: SypA-D55N, SypA-G58S, and SypA-G58A. These constructs need to be sub-
cloned into a vector that can be expressed in V. fischeri, and then can be assessed for biofilm 
formation. I expect that if GTP binding is important for SypA function and these residues are 
responsible for GTP binding, then the indicated mutations will abrogate biofilm formation. 
 
 
Figure 46. Evaluation of a SypA Chimera with RbdA. Development of wrinkled colony 
morphology of the following strains was assessed at the indicated times: KV5483, KV5751, 
KV7317, KV7725, KV7726, KV7852, KV7854, KV7881, KV7883. Colonies were disrupted at 
the final time point to evaluate Syp production. Neither chimera is blind to inhibition by SypE. 
160 
 
 
SypA Does Not Control Transcription. 
SypA has a predicted single STAS domain, similar to other single STAS domain 
proteins, such as SpoIIAA (Morris et al. 2010), that control transcription. Due to the overall 
similarities between SypA and SpoIIAA, I hypothesized that SypA functions as an anti-sigma 
factor antagonist and controls biofilm formation by positively regulating syp transcription. To 
determine whether sypA functions as an anti-sigma factor antagonist to positively regulate 
transcription, I assessed syp transcription in the presence and absence of sypA. I first generated 
wild-type and ΔsypA strains that carried a reporter construct in which the lacZ gene is controlled 
by the sypA promoter. I then introduced a sypG-overexpression plasmid or vector control 
plasmid into these cells and assessed β-galactosidase activity as a readout for syp transcription. I 
found that there was no difference in β-galactosidase activity when sypA was present or absent 
(Fig. 47), suggesting that SypA does not impact biofilm formation at the level of syp 
transcription. It is possible that SypA does not impact syp transcription but rather global 
transcription. Analysis of RNAseq experiments (Norsworthy et al., unpublished data) confirmed 
that SypA does not affect global transcription, suggesting that SypA does not function as an anti-
sigma factor antagonist. 
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Figure 47. SypA Does Not Control syp Transcription. Induction of syp transcription is 
unaltered by deletion of sypA, suggesting SypA does not function as an anti-anti-σ factor to 
promote biofilm formation. Strains assessed include: KV5791, KV5793, KV7795. 
 
SypA Does Not Alter Protein Stability of Four Syp Proteins. 
The above data suggested that SypA does not impact Syp production at the level of 
transcription. I thus hypothesized that SypA may impact the steady-state levels of other Syp 
proteins, much like the STAS domain protein BtrV, which impacts protein translation and/or  
stability of type III secreted proteins Bsp22 and BopD in Bordetella bronchiseptica (Mattoo et 
al. 2004, Kozak et al. 2005). I hypothesized that SypA could contribute to biofilm formation by 
stabilizing Syp proteins, including any proteins that interact with SypA. Alternatively, SypA 
could be acting on another protein that promotes the degradation of proteins. Previously 
unreported data suggested that SypA had no impact on the stability of other Syp proteins. To 
162 
 
 
confirm these data, I compared the levels of tagged versions of other Syp proteins in the whole 
cell lysates in a ΔsypA background to those found in a sypA+ strain by Western blot analysis. If 
SypA contributes to biofilm formation by altering the stability of Syp proteins, then I would 
expect there to be a difference in the steady state levels of proteins in presence and absence of 
SypA. If there is no difference in the steady state levels of proteins in presence and absence of 
SypA, it would suggest that SypA does not contribute to biofilm formation by altering the 
stability of Syp proteins. The data are summarized in Table 4. 
Of the 14 Syp structural proteins, our lab has generated functional epitope tagged 
versions of 11 proteins. The three-remaining epitope tagged versions failed to complement. I 
have attempted to use Western blotting to detect the presence of eleven of those proteins, 
including SypD, SypH, SypI, SypJ, SypK, SypM, SypN, SypO, SypP, SypQ and SypR, in the 
whole cell lysates of wild-type and ΔsypA strains induced for biofilm formation by the 
overexpression of the regulator, rscS, by Western blot. The steady state level of SypD was the 
only protein that had appreciable differences in the presence and absence of SypA. There was 
more protein present in the absence of SypA. SypA could be acting on another protein that 
promotes the degradation of proteins, resulting in an increase of SypD when SypA is absent. 
Thus far, I have had some difficulty in detecting some of the predicted inner membrane 
proteins, namely SypH, SypK, SypN, SypQ and SypR, by a Western blot approach. Interestingly, 
a non-functional C-terminally tagged SypQ can be detected in both a sypA+ and sypA- 
background, but attempts to detect a functional, internally tagged SypQ have been unsuccessful. 
Detection of these proteins can be optimized by fractionating cells and concentrating the inner 
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membrane fractions prior to loading gels. Additionally, cell lysates can be prepped using 
methods specifically designed to solubilize proteins embedded in the membrane. 
Table 4. Syp Protein Stability. 
Tagged 
Protein 
Functional 
Protein 
Predicted TM SypA+ 
Background 
SypA- 
Background 
SypC No No + N/A 
SypD Yes No Not detected + 
SypH Yes Yes Not detected Not detected 
SypI Yes No + + 
SypJ Yes No + + 
SypK Yes Yes Not detected Not detected 
SypL No No Not detected N/A 
SypM Yes No + + 
SypN Yes Yes Not detected Not detected 
SypO Yes? No +? + 
SypP Yes No + + 
SypQ No Yes + N/A 
SypR Yes Yes Not detected Not detected 
N/A=Not attempted 
SypA Impacts Syp Production. 
Preliminary experiments have demonstrated that sypA is required for biofilm formation 
but may not impact transcription or protein stability. I hypothesized that if SypA does not impact 
syp transcription or protein stability, it may physically interact with one or more proteins. I 
hypothesize SypA may function like the “stressosome” STAS domain proteins, which interact 
with many proteins to facilitate a biological process (Marles-Wright et al. 2008). The importance 
of STAS domain proteins in facilitating protein-protein interactions has been demonstrated more 
recently in the STAS domain protein YchM from E. coli, which binds to acyl carrier protein 
(ACP), and interacts with other proteins to facilitate fatty acid metabolism (Babu et al. 2010).  
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It is possible that SypA interacts with other proteins and functions in a downstream 
cellular process, such as polysaccharide production. SypA could help facilitate the building and 
exportation of polysaccharide. It is currently unknown if Syp is made in the absence of SypA. 
Our lab has uncovered new techniques to assay polysaccharide production including testing for 
(1) colony cohesiveness, a phenotype that depends on Syp production and (2) immunoblotting 
for Syp, which I used to determine if Syp is produced in the absence of SypA. 
Previous work in our lab has uncovered new techniques to assay polysaccharide 
production by testing for colony cohesiveness, a phenotype that depends on Syp production. 
Previously, our lab identified three genes, bmpA, -B, and -C, that were defective for wrinkled 
colony formation, but surprisingly, could form pellicles. Subsequent study showed that the 
ΔbmpABC strain formed colonies that were cohesive: when the colony was disrupted by a 
toothpick, the whole colony was readily pulled away intact from the agar, unlike syp mutants 
(such as sypL), which was readily disturbed (Ray et al. 2015). 
These data suggested that the ΔbmpABC strain produces Syp. Furthermore, biofilm-
defective strains, a syp mutant and a bmp mutant, could be mixed and together, produced 
wrinkled colonies. These data suggest the syp mutant is able to donate Bmp proteins to the bmp 
mutant, permitting wrinkled colony formation (Ray et al. 2015). I used this method to determine 
if the smooth colony produced by the sypA mutant exhibits cohesiveness, which would indicate 
that a sypA deficient strain is defective for Syp production. I hypothesized that Syp is not 
produced in the absence of SypA. 
To determine if Syp production requires SypA, I assessed the colony cohesiveness of 
strains of an otherwise biofilm-proficient strain of V. fischeri that lack sypA by disrupting spotted 
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cultures with a toothpick. Deletion of sypA resulted in a complete loss of wrinkled colony 
formation and colony cohesiveness, suggesting a lack of Syp production. This result is similar to 
those of other syp mutants lacking structural proteins, but unlike that of the bmp mutant, which 
fails to produce wrinkled colonies but remains able to produce Syp (remains cohesive) (Fig. 
48A). As expected, when the sypA deletion is complemented with a constitutively active allele of 
sypA, sypA-S56A, the strain wrinkles in this assay. Interestingly, the sypA deletion strain 
complemented with sypA-S56D, a phospho-mimic that is constitutively inactive, exhibits some 
colony cohesiveness, suggesting this previously thought inactive allele of sypA is still able to 
promote polysaccharide production (Fig. 48B). However, this low level of polysaccharide 
production is unable to promote biofilm formation. Furthermore, in culture-mixing experiments, 
a sypA mutant can exogenously complement the bmp mutant, which produces Syp, a result that 
has been observed for other bmp and syp mutant mixtures. These results suggest that SypA is not 
necessary for Bmp production but instead functions at the level of production of the Syp 
polysaccharide. 
Polysaccharide production can be analyzed more directly using immunoblotting 
techniques our lab has developed. Previous data demonstrated that a mutation of sypA resulted in 
a loss of Syp as detected via immunoblotting. These results suggest that SypA is necessary for 
production of the polysaccharide. The preliminary experiment, however, used a strain of V. 
fischeri that contained an insertional mutation in sypA, which has the potential to be polar on 
other syp genes. I repeated these experiments using a strain in which sypA has been deleted. If 
SypA is required for Syp production, then disruption of sypA will result in a loss of Syp that can 
be restored by complementation with sypA. 
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To determine if strains deficient for sypA produce Syp-PS, I used an immunoblotting 
approach previously established in the lab (Shibata et al. 2012). I grew biofilm-induced strains 
either expressing or lacking sypA and use an EPS extraction procedure to isolate Syp. I then 
electrophoresed samples on an SDS gel, transferred to a membrane, and probed for Syp using an 
antibody, generated in rabbits, against a biofilm forming strain. I found that strains that lack sypA 
did not produce detectable Syp by immunoblot (Fig. 49A). Strains deficient for sypA 
complemented with a constitutively active allele of sypA, sypA-S56A, produced polysaccharide at 
similar levels as detected in the wild-type strain and in the sypA mutant complemented with 
wild-type sypA. Interestingly, the sypA deletion strain complemented with sypA-S56D, a 
phospho-mimic that is constitutively inactive, produces some Syp as detected by immunoblot 
(Fig. 49B). The Syp produced may not be full length Syp and may be defective in forming 
biofilms similar to wild-type. 
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Figure 48. SypA Is Required for Colony Cohesiveness. (A) sypA plays a key role in the colony 
morphology of V. fischeri. Deletion of sypA results in a complete loss of wrinkled colony 
formation and colony cohesiveness, suggesting a lack of Syp-PS. This is unlike bmp mutants 
which are able to produce Syp-PS (remain sticky) yet similar to other syp mutants defective for 
structural proteins. Colony cohesiveness was assessed by the following strains: KV3809, 
KV4879, KV6908, KV5535, KV5317. (B) Strains expressing sypA mutants exhibit colony 
cohesiveness. Colony cohesiveness was assessed by the following strains: KV5483, KV5484, 
KV5485, KV5535. 
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Figure 49. Syp Production by sypA Mutants. (A) Strains deficient for sypA did not produce 
Syp by immunoblot. Syp can be detected associated with cells (WCL) and in EPS extractions. 
Strains assessed included KV4320, KV4718, KV7151. (B) sypA mutants produce Syp by 
immunoblot. Strains assessed include KV3809, KV4320, KV5483, KV5484, KV5485. 
 
Timing of SypA Production. 
 To elucidate the function of SypA, I asked if SypA protein was produced at a particular 
stage of growth. To assess this, I grew a strain of V. fischeri expressing an epitope-tagged 
version of SypA and induced to form a biofilm by SypG overexpression overnight. The next day, 
cultures were sub-cultured to an OD600=0.05. SypA production was assessed hourly by 
harvesting 1 ml of culture and lysing in 2x sample buffer. SypA production was compared to 
SypG production using a similar experimental set-up with an epitope-tagged version of SypG. I 
found that SypG could be detected after 4 hours of sub-culturing (OD600=0.4), while SypA was 
detected after 5 hours of sub-culturing (OD600=2). SypG must be made before SypA because 
SypG controls transcription of sypA. These results suggested that SypA production occurs during 
stationary phase.   
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SypA Localization. 
 Attempts were made to determine the localization of SypA using a cell fractionation 
approach. In this approach, cultures were grown overnight, and the next day, underwent a series 
lysis steps including freeze-thawing and treatment with spheroplast buffer, lysozyme, DNase I, 
and 2% Triton X-100. Fractions were separated by the outer membrane, the periplasm, the inner 
membrane, and the cytoplasm. Unfortunately, I was unable to detect SypA associated with one 
fraction. I was able to detect SypM in the inner membrane fraction where it is predicted to 
localize. These results were encouraging that the protocol might be optimized in the future to 
determine protein localization. 
Genetic Approach to Identify a SypA Interacting Partner. 
Preliminary data suggest that while SypA does not impact syp transcription, it is 
important for Syp production. SypA is a small single domain protein and is therefore unlikely to 
be functioning alone. I hypothesized that SypA functions as part of a larger protein complex to 
promote polysaccharide production, similar to other reported STAS domain proteins (Babu et al. 
2010). I tested the hypothesis that SypA interacts with another protein(s) using genetic and 
biochemical approaches.  
SypB and SypI Are Not Negatively Regulated by SypA. When RscS is overexpressed, SypE 
dephosphorylates SypA, which in turn, promotes biofilm formation. When either sypB or sypI 
was deleted from strains overexpressing rscS, strains still produced wrinkled colonies, 
suggesting SypB and SypI could be negative regulators of biofilm formation. I hypothesized that 
SypA might act as an inhibitor of an inhibitor (SypB and/or SypI). In SypG-induced biofilms, 
SypE inhibits SypA, which would inhibit SypB and/or SypI. I hypothesized that regardless of 
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SypA inactivation, strains should wrinkle in the absence of negative regulators. I found that 
strains overexpressing SypG that were also deficient for either SypB or SypI produced smooth 
colonies (Fig. 50A), suggesting SypA does not inhibit SypB or SypI to promote biofilm 
formation. 
Investigating SypK as a Potential SypA Interacting Partner. STAS domain proteins are 
frequently found as a domain in a larger protein. Most often, the larger protein is a transporter, 
such as an anion or sulfate transporter. One such transporter encoded in the syp locus is SypK, a 
predicted flippase. A sypK mutant does not produce Syp as detected by immunoblot. A sypK 
mutant is also defective for wrinkling. I attempted to detect SypK by Western blot analysis in 
preparation for pull-down experiments to determine if SypA interacts with SypK. I was unable to 
detect an epitope-tagged version of SypK. The addition of Thesit, a detergent used to solubilize 
membrane-bound proteins, in increasing concentrations from 0-2% did enhance my ability to 
detect SypK. 
 Previously, sypK plasmid-based points mutants were generated. I worked with a high 
school student to backcross the previously generated mutants and to generate new sypK mutants. 
Only one of the previously generated sypK mutants remained defective for biofilm formation 
(KV8540). Three additional sypK mutants were generated. It was observed that colonies of a 
sypK mutant produced a dark color compared to a sypA mutant that produced light colored 
colonies. It is hypothesized that strains that produce a dark colony color are able to produce but 
not export Syp. I hypothesized that a mutant of SypA’s interacting partner would be unable to 
produce Syp. This result suggested that SypK was not the interacting partner of SypA. 
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Figure 50. Identification of a SypA Interacting Partner Using a Genetic Approach. (A) 
SypA does not inhibit SypB (KV8541) or SypI (KV8542) to promote biofilm formation 
compared to the control (KV4320). (B) syp mutants that produce dark colonies are able to 
produce polysaccharide, or polysaccharide fragments, but are unable to export it, while syp 
mutants that produce pale colonies are unable to produce polysaccharide. sypQ and sypR mutants 
phenocopy a sypA mutant for colony color. Strains assessed for color include: KV5128, KV5543, 
KV5535, KV2046, KV5547, KV5548. 
 
Investigating SypQ as a Potential SypA Interacting Partner. I subsequently investigated the 
genetic relationship between sypA and other syp genes by comparing the phenotypes of syp 
deletion mutants. I expected sypA mutants and mutants of its interacting partner will have similar 
phenotypes in different assays. Phenotypes of mutants that differ from the sypA mutant 
phenotype suggest that the protein performs a function that doesn’t depend on SypA. Previous 
work in lab led to the discovery of a new phenotype for syp mutants, the color phenotype. It has 
been observed that some syp mutants produce colonies pale in appearance, while others produce 
colonies with a dark color. I hypothesize that those syp mutants that exhibit dark colonies are 
able to produce polysaccharide, or polysaccharide fragments, but are unable to export it, while 
syp mutants that appear pale are unable to produce polysaccharide. The sypA mutant produces 
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colonies with a pale color. I hypothesize the interacting partner of SypA would also exhibit a 
pale color when mutated in a strain induced to form a biofilm. 
I assessed the phenotypes of all syp mutant strains induced for biofilm formation. I found 
that strains induced for syp transcription but defective for sypA produce colonies with a pale 
color, while most, but not all, other syp mutants produced colonies with a darker color. Strains 
defective for sypG and sypF, two genes whose products control syp transcription, also produced 
colonies with pale color. Three other syp mutants displayed the pale color phenotype similar to 
sypA mutants: sypB, sypQ, and sypR. Strains defective for sypB produce wrinkled colonies, 
suggesting that SypA’s function is independent of SypB as strains defective for sypA are smooth. 
Similarly, SypR can be ruled out as sypR mutants produce polysaccharide as determined by 
immunoblotting (Shibata et al. 2012), while SypA does not (Fig. 49). The only syp mutant that 
phenocopies the sypA mutant in all the assays used to assess polysaccharide production is the 
sypQ mutant, suggesting SypQ may interact with SypA (Fig. 50B). 
Further attempts to identify a SypA interacting partner can be made using a suppressor 
screen. I previously generated a library of sypA point mutants (Thompson et al. 2015); some of 
these mutants generate stable proteins but fail to promote biofilm formation. If SypA interacts 
with SypQ, then it should be possible to identify a mutation in SypQ that suppresses the biofilm 
defect of one or more sypA mutants, resulting in wrinkled colony formation. sypA mutants 
generated from our mutant library can be used as the parent strain. Into this strain, plasmids 
containing mutagenized versions of sypQ can be introduced. Colonies can be screened for 
wrinkling. 
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Biochemical Approach to Identify a SypA Interacting Partner. 
SypA is a small, single domain protein that likely interacts with another protein to 
promote biofilm formation. I hypothesized that SypA interacts with a Syp structural protein 
necessary for polysaccharide production. I attempted to use biochemical techniques, specifically 
co-immunoprecipitation (co-IP), to identify the interacting partner of SypA. Because sypQ 
mutants phenocopy sypA mutants, I reasoned that the two proteins might interact to promote 
polysaccharide production. Using co-IP methods, I probed for specific proteins, such as SypQ, 
that may interact with SypA. 
Previous attempts to generate a C-terminal FLAG-tagged allele of sypQ were 
unsuccessful: the epitope-tagged version of sypQ was not functional to promote biofilm 
formation. The goal was to generate a functional tagged version of SypQ. I designed four 
internal epitope tags for SypQ. These were generated by others and preliminarily assessed by 
myself. Two out of the four internally tagged SypQ constructs were functional to complement a 
sypQ defect. 
To test the hypothesis that SypA and SypQ interact to promote polysaccharide 
production, I used a co-IP method with anti-HA magnetic beads. I used a cross-linking reagent, 
DSP, to capture any interactions that may be transient. To first verify that my co-IP method was 
valid, I attempted to co-IP SypA and a known interacting partner, SypE. While I was able to 
elute SypA from the magnetic beads, I was unable to pull down SypE with SypA. 
Recent techniques investigating protein-protein interactions in eukaryotes have been 
developed that make use of a proximity-dependent biotin identification system, BioID 
(Kabeiseman et al. 2014, Mojica et al. 2015, Kim et al. 2016). In this system, the protein of 
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interest is fused to a promiscuous biotin ligase that will non-discriminately biotinylate any 
protein that interacts with the protein of interest. Biotinylated proteins can then be identified. 
Given that SypA is a small, single domain protein, it is unlikely that it functions alone to 
promote to promote biofilm formation. It is possible that SypA does not interact with SypQ, but 
rather interacts with a different Syp structural protein(s) or another non-Syp protein(s) necessary 
for polysaccharide production. Using Bio-ID, it will be possible to probe for any proteins, Syp or 
otherwise, that may interact with SypA. 
I successfully generated two SypA-biotin ligase fusion proteins, N- and C-terminal 
fusions, BirA*-SypA and SypA-BirA*. SypA and the biotin ligase are separated by a linker 
region to ensure proper protein folding. The biotin ligase chosen for the fusion was cloned using 
the sequence for the biotin ligase encoded in V. fischeri. A mutation was made in the amino acid 
sequence to make the enzyme a “promiscuous” biotin ligase. Previously published biotin ligases 
had poor activity at 28°C, the temperature at which V. fischeri grows. The V. fischeri biotin 
ligase would presumably be active at 28°C. Both fusions were able to complement a sypA defect 
for biofilm formation in liquid culture (Fig. 51A). However, neither was able to complement a 
sypA defect on solid agar (Fig. 51B). Both fusions were detected by Western blot and there 
appeared to be no cleavage of the fusion protein (Fig. 51C). sypA-birA* was able to complement 
the sypA defect better and was more readily detected by Western blot. Biotin was added to 
cultures and strains expressing sypA-birA* were assessed for biotinylation. Biotinylation was 
detected using strept-avidin conjugated to HRP. However, strains expressing sypA-birA* did not 
have any detectable biotinylated protein even with increased amount of biotin supplemented and 
after increased incubation with biotin.  
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V. fischeri encodes homologous proteins that transport biotin into cells in E. coli (Azhar 
et al. 2015). It is possible that in this assay, biotin transport is not efficient. Exposing cells to a 
gentle lysis prior to adding biotin could enhance biotin take up. Additionally, biotinylated 
proteins could be present in very low numbers. Concentrating samples and using larger volumes 
of cells to determine biotinylation could optimize the assay.  
Generation and Evaluation of Fusion Proteins. 
 I previously generated SypA fusions to GST and GFP. I assessed those constructs and 
found that the SypA-GFP fusion is competent to promote biofilm formation. Strains expressing 
SypA-GFP were also green under the epifluorescent scope. The GST-SypA fusion is also 
competent to promote biofilm formation. Both fusions could be detected by Western blot 
analysis. These fusions indicate that neither the N- nor C-terminus of SypA is perturbed by 
fusion. These fusions can be used in future assays to purify protein for crystallization studies or 
in fluorescent microscopy studies. 
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Figure 51. Identifying the Interacting Partner of SypA Using BioID. (A) Schematic of 
constructs for fusions. Constructs of sypA and birA* were generated. Proteins are separated by a 
linker (green) and epitope tagged (yellow). The sypA-birA* construct complemented a sypA 
mutant better than the birA*-sypA in shaking cell clumping assays. (B) the constructs failed to 
complement a sypA defect in wrinkled colony assays. (C) sypA-birA* complemented a sypA 
defect better possibly due to better protein production. 
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Impact of SypA and SypE on Calcium-Induced Phenotypes. 
The identification of calcium-induced biofilm formation in the absence of overexpression 
provided an opportunity to assess the role of known Syp biofilm regulators. I assessed the impact 
of calcium on strains deficient for sypA that had been complemented with either sypA, sypA-
S56D, or SypA-S56A overexpressing either RscS or SypG. On LBS plates, SypA and SypA-
S56A promote wrinkling in RscS-induced biofilm formation. On LBS plates, only SypA-S56A 
promotes wrinkling in SypG-induced biofilm formation. SypA-S56D is unable to promote 
wrinkling in induced biofilms on LBS. When plates are supplemented with calcium, all three 
forms of SypA promote colony architecture and cohesiveness in RscS- or SypG-induced biofilms 
(Fig 52). The results suggest that unphosphorylated SypA is not required for calcium-induced 
architecture and cohesion. 
The identification of calcium-induced biofilm formation by a binK mutant provided an 
opportunity to assess the role of known Syp biofilm regulators. Specifically, I asked if SypA and 
SypE were required for calcium-dependent biofilm formation in the absence of binK by 
assessing shaking cell clumping, wrinkled colony formation, and pellicle formation with and 
without calcium. Strains deficient for binK and sypE formed calcium-induced clumps. Strains 
deficient for binK and sypE complemented with the NTD of SypE also formed clumps, 
indicating SypE is not inhibitory under these conditions. Strains deficient for sypA formed little 
to no calcium-induced cell clumping in the absence of BinK. The phosphorylation state of SypA 
had no consequence on shaking cell clumping (Fig. 53A). In the absence of calcium and BinK, 
SypE was inhibitory to wrinkled colony formation on LBS. In the absence of calcium and BinK, 
active SypA was required for wrinkled colony formation on LBS (Fig. 53B). In the presence of 
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calcium, the inhibitory effects of SypE, specifically SypE-NTD, and SypA-S56D were 
diminished as colonies exhibited cohesive colonies. Strains were deficient for wrinkling (Fig. 
53B). In preliminary experiments, SypA was required for pellicle formation in the absence of 
calcium and somewhat dispensable in the presence of calcium (Fig. 53C). While these 
experiments should be repeated, these data reveal more questions about the function of SypA and 
SypE and calcium in promoting biofilm formation, but suggest that (1) SypA has more impact on 
plates and (2) calcium overcomes the SypA-SypE pathway. 
 
Figure 52. The Impact of Calcium on sypA Mutants. Calcium promotes colony architecture 
and cohesiveness in strains expressing sypA mutants that are unable to promote biofilm 
formation in the absence of calcium. Strains assessed include KV5744, KV5745, KV5746, 
KV5483, KV5484, KV5485. 
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Figure 53: The Role of SypA and SypE in Calcium-Induced Phenotypes in the Absence of 
binK. (A) SypA is required for shaking cell clumping phenotypes in the presence of calcium. (B) 
SypA is required for wrinkled colony formation in the absence of calcium. (C) SypA is 
dispensable for pellicle formation in the presence of calcium. Strains assessed include KV7860, 
KV7856, KV7895, KV7896, KV7897, KV7903, KV7904, KV7905. 
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SypA Cell Death Phenotype. 
 In previous work by a summer student, it was observed that a sypE deficient strain 
overexpressing SypA exhibited a “cell death” phenotype. Colonies formed papillae. I 
investigated this further by remaking the strain. I performed a conjugation to move the SypA 
overexpression plasmid into the sypE deletion strain. From the conjugation, I re-streaked 
colonies that appeared to exhibit papillae. None of the ex-conjugants formed papillae on fresh 
plates, suggesting the “cell death” phenotype is not reproducible. 
Elucidating the Mechanism of Dominance in Natural Vibrio fischeri Isolates 
 While V. fischeri is the sole colonizer of the symbiotic organ, other Gram-negative 
bacteria can be found in host-associated biofilms. Recently, isolates of V. fischeri discovered in 
the light organs of wild animals were shown to have a superior ability to colonize aposymbiotic 
animals compared to the best studied V. fischeri isolate, ES114. The isolates not only had a 
superior ability to colonize aposymbiotic animals, they also formed hyper aggregates on the 
surface of the symbiotic organ during colonization initiation. Given the superior ability of the 
natural V. fischeri isolates to colonize the squid and the formation of hyper aggregates, I 
hypothesized that the dominant strains would have enhanced abilities to promote biofilm 
formation in vitro.  
Biofilm Phenotypes of KB2B1 and MB13B2. 
   To determine if either dominant strain exhibited an increased ability to form biofilms 
outside the host, I assessed the ability of KB2B1 and MB13B2 to form biofilms in two distinct 
assays, (i) wrinkled colony formation on solid agar media and (ii) pellicle formation in static 
liquid cultures. I assessed the phenotypes of two dominant strains, KB2B1 and MB13B1. I 
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assessed wrinkled colony formation on solid agar and pellicle formation in static culture. The 
wrinkled colony assays were performed as normal. To assess pellicle formation, V. fischeri 
strains were grown overnight and sub-cultured with shaking. Following growth to mid-log phase, 
the cultures were allowed to stand statically at 24°C for 10 days. Cultures were gently perturbed 
prior to imaging. Photos were captured with iPhone 7. ES114 is unable to form biofilms under 
either of those conditions (Marsden et al. 2017), and so was used as a negative control, while 
KV4366, a biofilm-induced mutant of ES114, was used as a positive control. In the wrinkled 
colony assay, the positive control KV4366 formed robust, cohesive wrinkled colonies, but 
MB13B2 was unable to form colonies with either architecture or cohesion. KB2B1 formed 
colonies that appeared dark and exhibited cohesion upon disruption.  
To determine if Syp contributed to the ability of either dominant strain to form in vitro 
biofilms, I generated a sypQ deletion in both the KB2B1 and MB13B2 strain. Mutations were 
generated by natural transformation moving chromosomal DNA of sypQ mutant into the 
dominant strains. A rscS MB13B2 mutant was generated by our collaborators in Hawaii, and I 
assessed the ability of this mutant to promote biofilm formation. Both the MB13B2 sypQ mutant 
and the MB13B2 rscS mutant exhibited the same smooth phenotype, similar to colonies of the 
negative control strain ES114. Mutation of sypQ eliminated cohesive phenotypes by the KB2B1 
strain, which could be complemented by sypQ expressed from a plasmid, indicating this strain 
forms Syp-dependent biofilms under these conditions (Fig 54). 
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Figure 54. Wrinkled Colony Formation by Dominant V. fischeri Strains. Development of 
wrinkled colony morphology over time. V. fischeri cells were grown overnight at 28°C. The 
strains were then sub-cultured in 5 ml of fresh medium, grown to an optical density at 600 nm 
(OD600) of ~0.2 and spotted (10 µl) onto LBS agar plates and grown at 24°C. Following growth, 
colonies were disrupted with a toothpick to assess colony cohesiveness, which is an indicator of 
Syp-PS production. (A) Representative images were captured 72 h post-inoculation. ES114; 
KV4366 (IG (glpR-rscS)::Tn5); MB13B2; MB13B2 sypQ::Erm (KV8195); and MB13B2 rscS 
(KV8329). (B) Representative images were captured 96 h post-inoculation. Vector (pKV69) in 
KV4366 (IG (glpR-rscS)::Tn5); vector (pKV282) in KB2B1; vector (pKV282) in KB2B1 
sypQ::Cm (KV8122); sypQ (pMKF15) in KB2B1 sypQ::Cm (KV8122). 
 
Consistent with their increased symbiotic aggregation phenotype, KB2B1 and MB13B2 
were competent to form pellicles in static liquid culture following prolonged growth (10 days) at 
room temperature. Whereas cells of ES114 formed a thin pellicle over that time course, it could 
be readily resuspended into a turbid culture. KB2B1 and MB13B2 formed thick pellicles at the 
air/liquid interface, similar to the positive control. These pellicles were robust, as manually 
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shaking the culture dislodged the pellicle from the surface but did not result in resuspension of 
the cells as a turbid culture (Fig. 55). 
Mutation of sypQ eliminated pellicle formation by strain MB13B2, indicating that this 
dominant strain forms Syp-dependent biofilms under these conditions. Mutation of rscS did not 
abrogate pellicle formation. The MB13B2 rscS mutant formed robust pellicles that could be 
dislodged from the surface but not resuspended, similar to the KV4366 control and the MB13B2 
parent strain. These data thus reveal that the dominant MB13B2 strain has a superior ability to 
form Syp-dependent biofilms, relative to ES114, a result that is correlated with its superior 
ability to form symbiotic aggregates. Mutation of sypQ eliminated pellicle formation by the 
KB2B1 strain, indicating this strain forms Syp-dependent biofilms under these conditions. Why 
MB13B2 responds differently in liquid culture and solid agar media by forming biofilms only in 
the former environment remains to be determined, but these data suggest that the liquid assay, 
perhaps not surprisingly, is more reflective of the in vivo context. Strains did not tolerate 
antibiotic selection for the complementation plasmids for the sypQ mutation well, and strains 
grown in the presence of antibiotics did not grow well or form pellicles.
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Figure 55. Pellicle Formation by Dominant V. fischeri Strains. (A) Pellicle formation in static 
liquid culture. ES114; KV4366 (IG (glpR-rscS)::Tn5); MB13B2; MB13B2 sypQ::Erm 
(KV8195); MB13B2 rscS (KV8329). V. fischeri cells were grown overnight shaking at 28°C. 
The strains were then sub-cultured in 5 ml of fresh medium and grown to log phase under 
shaking conditions. Cultures were incubated at 24°C for 10 days. Top row: Pictures captured 
after 10 days of incubation prior disturbance. Bottom Row: Pictures captured following 
disturbance. (B) Pellicle formation in static liquid culture. ES114; KV4366 (IG (glpR-
rscS)::Tn5); KB2B1; KB2B1 sypQ::Cm (KV8122). V. fischeri cells were grown overnight 
shaking at 28°C. The strains were then sub-cultured in 5 ml of fresh medium, grown to log phase 
under shaking conditions. Cultures were incubated at 24°C for 10 days. 
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